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ABSTRACT 
Sudden death syndrome (SDS) of soybean was first detected in the US in 1971 
and has remained one of the most damaging soybean diseases in the US. It is caused 
by a soil-borne fungus, Fusarium virguliforme (Fv), that persists in the soil for multiple 
years. Currently, conventional management of SDS relies on partially-resistant cultivars 
and fluopyram seed treatment, but fluopyram seed treatment is expensive and partial 
resistance does not protect soybeans during severe epidemics. Extended crop rotation 
is an alternative strategy that has effectively suppressed SDS, but there are barriers to 
adoption of this strategy in the current agricultural system of soybean producing regions 
of the US. 
Using a long-term cropping system experiment in Iowa (est. 2002), a 2-year corn-
soybean rotation system was compared for disease indices, yield, and whole-farm 
profitability to a 3-year corn-soybean-oat/red clover rotation, and a 4-year corn-
soybean-oat/alfalfa-alfalfa rotation. A three-year economic comparison of cropping 
systems and fluopyram seed treatment was conducted from 2017-2019 to assess the 
efficacy of SDS suppression, yield, and net economic return of the different 
management strategies. Results showed that relative to the 2-year rotation, the 3-year 
and 4-year systems suppressed SDS, and that the 4-year system increased yield an 
average of 18% and soybean economic return an average of 43%. In contrast, 
fluopyram reduced yield 3% and economic return 18%. Average whole-rotation 
profitability of the 2-year system was no different, 40% lower, and 26% higher compared 
to the 4-year system in 2017, 2018, and 2019, respectively.  
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The mechanisms of SDS suppression in the longer rotation systems were also 
explored through greenhouse experiments involving green manure amendments of oat, 
rye, and alfalfa. Tests of the effects of the soil biota in the 4-year rotation system on 
SDS development were also conducted. Results indicated that oat and rye green 
manure substantially reduced root rot severity of soybean by 85% and 67%, 
respectively, relative to the non-amended control, while alfalfa green manure did not 
reduce root rot severity, probably due to allelopathic potential of oat or rye. The soil 
biota also likely drove SDS suppression as fresh (non-autoclaved soil) demonstrated 
91% reduction in root rot, 94% reduction in Fv population, 61% decrease in SDS foliar 
severity, and 52% increase in soybean plant weight relative to similar autoclaved soil. 
This is thought to be due to an increase in competition for niche space and nutrients 
against Fv, as the population of Fv was dramatically suppressed by the presence of 
robust soil biota.  
Overall, these findings show that diversified cropping systems can maintain 
soybean profitability, and that fluopyram seed treatment would reduce profit in a 
diversified cropping systems context or when SDS pressure was low. Decomposition of 
certain green manures such as oat and rye, and soil biota are potent components of 
SDS suppression through possibly interactive mechanisms of allelopathy and 
antagonistic soil biota populations dominance over Fv. In conclusion, further 
considerations of crop diversity and crop rotation should be given to build sustainable 




 GENERAL INTRODUCTION  
Introduction and Thesis Organization 
Crop rotational diversity has the potential to play an important role in 
management of soil-borne diseases. Although currently diversified cropping systems 
are not widely practiced, the range of agronomic and environmental benefits associated 
with them should be heavily considered as means to improve the sustainability of 
disease management of soybean SDS. In addition, chemical seed treatments currently 
used against SDS have cost-benefit challenges (Kandel et al. 2016a, 2018), whereas 
integrated disease management utilizing diversified cropping system with manure 
amendment and integration with livestock has been documented to significantly improve 
yield in fields with soil-borne disease pressure (Bennett et al. 2012). Although many 
farmers acknowledge the benefits of extended crop rotation, especially with the 
changing of climate, crop rotation is often believed to be impractical and costly because 
it requires a lot of learning and may have high opportunity costs from not growing main 
commodity cash crops such as corn and soybean (Roesch-McNally et al. 2018, Hatfield 
et al. 2014).  
Integrated disease management of soil-borne diseases include components such 
as crop rotation, green manuring, and manipulation of soil microbial communities; each 
is an important component that has the potential to serve as a building block of 
agroecological management of SDS of soybean. Therefore, research on integrative and 
ecological disease management is important to provide growers and researchers with 
useful insights that can be applied at wider-scale by commercial growers. My series of 
experiments attempted to compare several SDS management approaches in a large 
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plot crop diversification field trial (Leandro et al. 2018), and to explore mechanisms of 
SDS suppression in greenhouse conditions.   
This thesis is divided into four chapters. Chapter 1 includes the literature review 
on diversified cropping system, integrated disease management, SDS symptomatology 
and epidemiology, and SDS management in diversified cropping systems. It also 
includes the research justifications in this thesis. 
Chapter 2 presents an economic analysis of the use of fluopyram seed treatment 
in different cropping systems. Fluopyram works well in cases where disease pressure is 
high, but this seed treatment is rather costly. A diversified cropping system involving 
corn-soybean-oat/alfalfa-alfalfa, which has been reported to be effective in managing 
SDS, is commonly thought be economically unviable due to the loss of revenue in non-
cash crop years. Therefore, the two approaches were compared side-by-side in a three-
year field experiment, and the net economic returns of both systems were compared.  
Chapter 3 explores the effects of green manures and the soil microbial 
community on SDS. A green manure amendment study in a greenhouse environment 
was designed to maximize and isolate the effects on Fv of green manures amendments 
of oat, rye, and alfalfa. In a different experiment, the importance of the soil microbial 
community on SDS suppression was tested in greenhouse conditions by planting 
soybeans in autoclaved and non-autoclaved soil derived from historically SDS-
suppressive plots. The effects of these treatments on soybean were assessed and 
analyzed.  
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Lastly, in chapter 4, key findings from chapter 2 and chapter 3 are summarized 
and additional insights regarding future research as well as opinions related to 
sustainable management of SDS are provided.  
 
Literature Review 
Diversified cropping systems  
Crop rotation and pest management trends 
Crop rotation has been in practice predated as early as 3000 years ago by the 
Han dynasty of China but it was not until around the 1920s however that crop rotation 
began to be studied empirically (Karlen et al. 1994). Field experiments on crop rotations 
consisting of corn-oat-wheat-clover-timothy grass-timothy grass showed that it 
increased yield of corn, oat, and wheat between 30 to 42.5% compared to continuous 
monoculture. This coincided with the time when nitrogen fixation of leguminous plants 
just began to be understood (Karlen et al. 1994). However, in the corn belt of the United 
States, when the virgin prairie sod was plowed for the first time in the late starting in the 
mid 1800s (Cronon 2009), extremely fertile soils around these area cause farmers to 
keep practicing continuous corn. Fast-forward to post World-War II, when synthetic 
nitrogen fertilizers and herbicide becomes much more available, corn and soybean 
rotations became more and more prevalent, soybean in particular replacing oats and 
hay (Fig 1), while taking advantage of mechanization, hence the economies of scale 
(Karlen et al. 1994). All the while economic market trends and government policies 
associated with subsidies or incentives for growing certain types of crops favor the 
major cash grains, corn-soybean crop rotations (Bennet et al. 2012, Bullock 
1992).Furthermore, the decline in extended crop rotation was followed concurrent to 
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disintegration of livestock and crop production, for example in Iowa, as can be inferred 
in the sharp decline of hay production in the 1950s (Fig 1).             
 
Figure 1.1. Progress curve of total acres grown by major crops in Iowa from late 1800s to today 
(USDA NASS) 
The growing trend towards a more intensive cropping system, wide use of high-
yielding varieties, and disappearance of extended, multi-crop rotation led to emergence 
of new diseases. Around the 1940s, along with rising use of nitrogen fertilizers and 
herbicide, foliar fungicide and seed treatment started to be applied widely as well 
(Morton and Staub 2008).  The rise of fungicide use was immediately followed by 
concerns over fungicide resistance, thus discussion on fungicide resistance 
management and safety was instituted by the UN FAO in 2007. Currently, about 80% of 
the fruit and vegetable crops grown in the US receive fungicide application. The 
economic benefit of fungicide use however is deemed far outweighing the risk, resulting 
in marginal benefit of around $13 billlion (Gianessi and Reigner 2006). Yet, questions 
regarding the costs and benefits of conventional versus organically grown crops 
regarding the balance in agronomic and economic productivity and environmental 
protection and sustainability, including toxicity to humans and other non-target 
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organisms when it comes to use of fungicide, remain until today. Nevertheless, 
fungicide use in the future is predicted to be continued with emergence of new disease 
being introduced periodically. Fortunately, rise of genetic tools to provide genetic 
resistance, and development of disease forecast systems has increasingly become 
more and more important to limit use of fungicide when possible (Morton and Staub 
2008). 
Crop rotation is still widely practiced in the US even though most of them only go 
as far as 2-year rotation of corn and soybean, and do not include animal manure inputs. 
What has changed almost permanently however is practice of inclusion of perennial 
crop such as pastures and green manure in the crop rotations since extended rotations 
have been replaced solely by short rotations (Bullock 1992).  
Environmental, agronomic, and economic benefits of diversified cropping 
system 
The main direct result of crop rotation is the improvement and preservation of soil 
structure, and suppression of pests, weeds, and diseases which in turn influences crop 
growth and yield. A healthy soil structure comprise of heterogeneity of soil particles, 
aggregates and pores (Ball et al. 2005). Such soil structure can be achieved in part 
through healthy population of soil microbial communities through altering soil 
aggregation, which not only affects the physical structure of the soil but also aids in 
accumulating soil organic matter. Therefore, to maintain a working balance of soil 
microbial community, management through organic matter input from the plants 
aboveground is key as it contributes carbon input through its rhizodeposits or 
compounds it releases from decomposing organic material (Ball et al. 2005). The 
diversity of crops aboveground also dictates the soil structure heterogeneity as it 
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influences types of microbial populations that are attracted to specific types of 
rhizospheres of different types of plants (Berg and Smalla 2009, Bais et al. 2006).  
In principle, disease suppression can be achieved through ecosystem stability 
associated with soil biodiversity. Composition and diversity of microbial communities are 
related to decomposition of active organic matter in soil. Occasionally, a few specific 
biocontrol species as a result of preservation of microbial diversity plays important role 
to disease suppression. However, diversity, resilience to disturbance, including the time 
required to return to initial state after stress are systematic approaches which are often 
overlooked in searching for indicators of disease-suppressive soil (van Bruggen and 
Semenov 2000). Failure to implement crop rotation has ties to yield decline due to 
numerous biotic factors such as buildup of plant pathogens, deleterious rhizosphere 
microorganisms, mycorrhizas acting as pathogens, allelopathy or autotoxcity of other 
crops, as well as abiotic factors that influence nutrient availability (Bennet et al. 2012).  
Soil-borne pathogen is believed to be a major contributor in causing yield decline in 
major crops such as corn and soybean, although crops such as wheat, barley, cotton, 
tobacco, and sugarbeet has been able to maintain its yield in monoculture with high 
amount of nitrogen application (Shipton 1977). Although it is limited, a large body of 
literature have documented sizable amount of cases where crop rotation is associated 
with less disease incidence and higher yield (Bennet et al. 2012).  
Crop rotations also offer many environmental benefits such as reduced synthetic 
fertilizer and pesticide requirements (Davis et al. 2012), therefore fossil fuel combustion 
(Cruse et al. 2010), lower watershed contamination from nitrate and pesticide runoff 
(Hunt et al. 2017), as well as lower soil erosion (Hunt et al. 2019). With substantially 
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lower synthetic fertilizer and herbicide use, cycled nutrients, improved soil quality and 
crop diversity can in turn improve yield (Hunt et al. 2019, Chen et al. 2014). Davis et al. 
(2012) have shown from 9 years of crop rotation observation: with lower input cost, 
higher revenue from yield, compensated slightly with higher labor cost, diversified 
cropping system can result in similar and sometimes higher economic return as well 
(Liebman et al. 2008).  
Principles of Integrated Pest Management (IPM) 
It is understood that soil-borne pathogens persist in the soil for a long time when 
it has a co-existing host to dwell on continually. It is believed that soil-borne pathogen is 
one of the main reasons for unexplainable yield declines (Bennett et al 2012).  
Practice of traditional integrated pest management (IPM) can be challenging for 
growers to implement probably because of lack of confidence compared to chemical 
control and the complexity. One key component of IPM, as is applied more widely in 
insect pest management, is determination of economic threshold (ET), which 
determines the extent of the pest damage until a chemical control is absolutely needed 
(Stern et al. 1959). Therefore, enumeration of the pest’s population dynamics is integral. 
Unfortunately, determination of population dynamics of soil-borne pathogen is difficult to 
translate to ET as straightforward compared to insect pests, which would have allowed 
a more accurate therefore targeted insect pest risk assessment and ET (Ragsdale et al. 
2007). In the case of soybean aphid, single insecticide spray-IPM treatment results in 
higher probability of positive economic return than a prophylactic fungicide and 
insecticide treatment, regardless of the scouting cost (Johnson et al. 2009).  
Following Stern et al. (1959) IPM principle, one of the most important component 
of integrated disease management is scouting to locate and predict the severity of the 
8 
disease pressure. However, there is very limited confidence in scouting for disease, no 
in-season control option, and it is extremely time-consuming. Therefore, identification of 
specific areas to apply fungicidal seed treatment can be targeted towards certain 
hotspots that is regarded to have high risk to be infected by the pathogen.   
Integrated Disease Management of soil-borne disease 
 
Figure 1.2. Diagram depiction of possible mechanisms associated with the relationship between 
vegetational diversification and reduced impact of pests and diseases. Diagram from Ratnadass 
et al. (2011) on effect of plant species diversity on crop pests and diseases in agroecosystems. 
This diagram above (Fig. 1.2) lays out the interactive mechanisms pertaining to 
ecosystem of the plant pathogen that influence disease management (Ratnadass et al. 
2011). Of particular connection to crop rotation from this diagram are the mechanisms 
through resource dilution, disruption of the spatial and temporal cycle, allelopathy, and 
enhancement of diversity or activity of soil biota which enables general suppressive soil. 
Each of these components contributes in varying degrees towards a suppressive 
agroecosystem. This diagram is very useful in thinking of all the possible factors such 
when suppressive soil due to crop diversity is encountered. Testing each one of those 
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factors based on an a priority list of mechanisms that most likely to occur can be carried 
out to understand the lifestyle and pathosystem that a pathogen, thus utilize the 
knowledge to apply for management of the disease. This could be difficult and time 
consuming since every pathogen might exhibit different lifestyles. A starting point could 
be looking at the crop type and species or the pathogen’s phylogenetic parsimony 
(Stukenbrock and McDonald 2008, de Wit et al. 2012) .   
For example, the plant rhizosphere is highly specific toward a certain plant 
species, featuring variations in composition of root exudate and its interactions with 
microorganisms (Bais et al. 2006). The complexity increased further with biotic and 
abiotic factors that are spatially and temporally specific in different agroecosystems 
(Berg and Smalla 2009). A few example of important biological effects are antibiosis, 
making available of micronutrients, induction of stress tolerance, and supply of 
phytohormones (Berg and Smalla 2009). Such facilitative plant processes in multi-crop 
systems have shown to enhance crop productivity and nutrient-use efficiency (Zhang et 
al. 2003). 
The use of animal manure and composts however have seen varying results to 
disease suppression mainly because of the variability in essential plant nutrients, salt, 
as well as, the differential effects of nitrogen fertility to different pathogens. Increase in 
N availability have contributed to higher disease severity in cases of several 
Phytophtora, Fusarium, and fireblight diseases. On the contrary, excessively high C:N 
compost may cause N-immobilization, hence, nitrogen deficiency for the plants (De 
Ceuster and Hoitink 2013). Compost has once thought to have the potential to serve the 
role of the discontinued methyl-bromide, a soil fumigant that would have been applied 
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annually; however, the suppressive action of compost would have required significantly 
longer period of time compared to immediate result that methyl bromide would achieve 
(Hoitink et al. 1997). Nonetheless, availability of the composted manure is unwarranted 
with the state of disintegrated crop and livestock productions systems; composted 
manure would have to be moved and transported from a different farm which is not a 
cheap additional cost to bear (De Ceuster and Hoitink 2013). 
Composted animal manure have been shown to significantly reduce incidence of 
verticillium wilt, common scab of potato, and a number plant parasitic nematodes. The 
mechanism responsible is thought to be due to elevated levels of ammonia and nitrous 
acid. These compounds eventually are converted to nitrate, cause soil pH to drop, along 
with release of volatile fatty acids which overall kill some specific microorganisms 
(Lazarovits 2001). Liquid swine manure also contributes in killing V. dahlia 
microsclerotia especially when it is applied dried. It is also possible that manure 
amendment functions as stimulant to biological control agents, increase a group of 
antagonist soil microbial populations (Lazarovits 2001), or induced plant resistance 
(Noble 2011).  
It is likely that organic matter contributes positively, instead of negatively towards 
disease suppression, depending on the type of organic matter, whether it could be a 
host for the pathogen or not. The disease suppressive potential is also strongest in the 
early stages at interval of weeks to months of the decomposition of the organic matter 
compared to later after multiple years’ time-frame (Bonanomi et al. 2010). It is also 
important to acknowledge that organic matter amendment may actually decrease 





Figure 1.3. Depiction of the role of organic matter amendment decomposition on disease 
suppression. Charts taken from a review article (Bonanomi et al. 2010) on characteristics of 
organic soil amendments that suppress soilborne plant diseases 
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Although crop rotation is belived to play an important role in suppression of soil-
borne diseases and maintenance of plant health and productivity, it is possible that yield 
benefit is not necessarily caused by suppression of the disease. Whiting and Crookston 
(1993) found that corn-soybean rotation did increase soybean yield, but seed yield data 
did not indicate relationship between brown stem rot incidence and severity to seed 
yield of soybean; crop rotation benefit both infected and uninfected plants. In other 
words, there are many other interacting biological-ecological effects along with the 
potential of suppression of soil-borne diseases due to crop rotation.  
Sudden death syndrome ecology and biology  
Sudden death syndrome of soybean is a disease caused by a soil-borne fungus, 
Fusarium virguliforme. Sudden death syndrome was first discovered in Arkansas, 
United States in 1971 and continued to spread northward in the United States (Rupe et 
al. 2001). It is a disease of outstanding economic importance due to the widespread 
planting of soybean across the globe. During an epidemic year, losses can reach up to 
80% in individual fields (Roy et al. 1997). In many years past, it ranks itself as the 
second most important soybean disease in the US in terms of yield loss (Allen et al. 
2017). In other parts of the world, SDS has become increasingly problematic as well 
with confirmed cases found in South America (etiological agents F. brasiliense and F. 
tucumaniae) (Aoki et al. 2005), Malaysia (Chehri et al. 2014), and South Africa (F. 
brasiliense) (Tewoldemedhin et al. 2017).  
SDS symptoms  
The conditions favoring SDS are early in soybean reproductive stage, coupled 
with the accumulation of low temperature-high moisture days (Fehr et al., 1971). SDS 
initially causes chlorotic spots on leaf tissue, then they coalesce and form regions of 
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interveinal chlorosis, while the young leaves often develop marginal cupping and 
mottling. Eventually, the chlorotic regions became necrotic, and leaflets may drop off in 
severe cases, leading to complete defoliation. Concurrently, the pathogen infects the 
root, colonize the xylem (Navi and Yang 2008), cause rot and stem discoloration, and 
finally kill the taproot and lateral root cells. In severe infections, bluish mycelia from 
sporulation of the macroconidia could appear on the surface of the roots as well (Rupe 
et al. 1997) 
The foliar symptom is induced by a phytotoxin called FvTox1 that travels through 
the xylem, reaches the leaves, and cause severe defoliation and pod abortion when 
conditions are especially favorable to Fv (Brar et al. 2011). When soil temperature starts 
dropping sharply going into the winter, Fv develops a survival structure called 
chlamydospores that is often observed in rotted cortical tissue and persist in the crop 
residue or root debris until it finds a new host to colonize in the spring (Melgar et al. 
1994, Li et al. 1998).  
Epidemiology and Environmental conditions favorable to Fv 
Luo et al. (1999) described the population dynamics of SDS disease progression 
on most soybean cultivars to follow a bimodal pattern, which includes a drop in Fv 
population during midseason due to continued root growth after R2 stage. Then it 
reaches the end maximum of root size at R4 or R5 stage, which is concurrent around 
the time of the peak of the most SDS foliar symptom occurrence. SDS progression is 
associated with host physiology changes during the transition from vegetative to the 
reproductive stage, when the plant photosynthate are transported to the reproductive 
structures instead of the vegetative parts to develop seeds (Rupe and Gbur 1995). Plant 
maturity, disruption of root growth, the abundance of moisture, and low temperature 
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therefore weakens the roots, resulting in lack of defense against Fv colonizing the xylem 
of the roots. 
Sudden death syndrome is profoundly affected by temperature and moisture of 
the soil. Cold temperature and high moisture, especially in the early reproductive stage 
of the soybean, typically causes higher disease pressure (Leandro et al. 2013, 
Gongora-Canul and Leandro 2011). In such favorable conditions, SDS foliar symptoms 
and root necrosis appear to be more severe as shown in microplot, greenhouse, and 
growth chamber experiments (Xing and Westphal 2006, de Farias Neto et al. 2006). 
Similarly, the examination of climatic trends from 1993 to 2013 shows that SDS 
epidemic years in Iowa tend to occur during years with higher mean total precipitation 
and lower average soil temperatures during the growing season (Leandro et al. 2013), 
especially, when most of the heavy rainfall occurs during the V3 stage of the plant (de 
Farias Neto et al. 2006).  
Biological interaction, host-pathogen, synergism, of Fv with other 
organisms  
Fusarium virguliforme (Fv) has been found to have an interesting synergistic 
interaction with another critically important soybean pathogen, Heterodera glycines (Hg) 
i.e. the responsible organism of soybean cyst nematode (SCN) (Roy et al. 1997). 
Although SDS expression on soybean does not require the presence of Hg (Melgar et 
al. 1994), the abundance of Hg is positively correlated with SDS severity (Xing and 
Westphal 2006). It has been hypothesized that the Hg cyst provides a safer 
environment for overwintering chlamydospores of Fv than in the soil or soybean debris, 
where Fv will be prone to competition from the dominance of other microorganisms. It is 
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possible that this relationship even enables travel of Fv, thus spread SDS at further 
distances through faster movement of Hg (Roy et al., 1997).  
Besides soybean and Hg, Fv also has a few other plant host options, mainly on 
other legumes, a few brassica species, and possibly other few grass species. Root 
necrosis caused by Fv has been observed in alfalfa, pinto and navy bean, white and red 
clover, pea, Canadian milk vetch (Kolander et al. 2012), crimson clover, and hairy vetch 
(Kobayashi-Leonel et al. 2017). In general, grass and brassica as cover crops can be 
classified to be non-hosts or poor hosts of Fv and SCN (Kobayashi-Leonel et al. 2017). 
However, although symptoms are not visible, Fv does cause significant reductions in 
biomass on other brassica species hosts such as canola and amaranth species such as 
sugar beet , suggesting existence of host-pathogen relationships with these 
unconventional hosts as well (Kolander et al. 2012). Furthermore, enough Fv DNA was 
found using PCR on grass crops such as corn, wheat, and ryegrass signifying possible 
additional asymptomatic hosts. This information is essential in designing an 
agroecosystem that seeks to utilize cover crops, not only for soil conservation purposes 
but also to evaluate the potential of utilizing crop rotation in managing SDS.  
 
SDS management in a diversified cropping systems 
Management options 
The most favorable management tactic of SDS is using SDS-resistant cultivar, 
but currently, only partially-resistant cultivar is available (Kandel 2016a, 2019). Other 
cultural practices that have resulted in positive control measure is to delay planting date 
to a warmer and drier soil during the season, which does reduce SDS incidence but with 
the toll of yield (Kandel et al. 2016b). Growers have the option of using seed treatment, 
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but there is only one tested product in the market at present, which is fluopyram (ILeVO, 
Bayer). Finally, a few studies have shown crop rotation as a promising option to choose 
from (Rupe et al. 1997, Leandro et al. 2018).  
Seed treatment is a rather popular option because a lot of growers have 
implemented it anyway, mainly for the control of seedling damping-off diseases (Esker 
and Conley 2012). Therefore, adding another layer of fluopyram fungicide would be 
quite easy, however, currently, the price is quite high. Nevertheless, fluopyram becomes 
very valuable in the case where SDS pressure is high in a particular year; Kandel et al. 
(2018) found that fluopyram breaks-even to the cost of application >80% of the time 
when SDS pressure is high. Yet, profitability goes the opposite way if SDS pressure 
happened to be low because occasionally, fluopyram causes small yield damage, thus 
decrease profit even further. Not much is known about a second emerging fungicide, 
pydiflumetofen seed treatment (Saltro, Syngenta), besides that it is currently priced very 
similarly to fluopyram, and of course with claims of better performance compared to 
fluopyram.  
Seed treatments 
Fungicide seed treatment has seen mixed success for management of seedling 
diseases in soybean caused by pathogens such as Fusarium, Pythium, Phytophtora, 
depending on the severity caused by the climactic environment (Gaspar et al. 2014, 
2017). Nevertheless, growers have tried to plant earlier in the spring into a cooler, 
wetter soil while protecting their plants, ultimately to increase yield (Kandel et al. 2016b) 
with a considerable chance of positive return on investment, 56-67% (Esker and Conley 
2012). However in the case of insecticide, adoption of seed treatment has been highly 
variable across different US states, ranging from 0.349 in Wisconsin to 0.908 in 
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Mississippi, averaging 0.574 across 14 states Hurley and Mitchell (2016). Furthermore, 
the neonicotinoid seed treatment targeted for management of soybean aphids (Aphis 
glycines) has been shown to provide only negligible benefits to US farmers (Mourtzinis 
et al. 2019), all the while the many concerns on its toxicity to pollinators (Hladik et al. 
2018).  
Fv interaction with crop diversity 
Fv was not found to colonize corn roots from a corn-soybean rotation, however, 
corn-soybean rotation can be concluded to be unsatisfactory for the management of Fv 
(Navi and Yang 2016). Corn residue, specifically corn kernels left on the soil after an 
unclean harvest, appears to be sustaining and feeding Fv (Navi and Yang 2016). On the 
other hand, soybean rotation with wheat and sorghum suppress SDS through the 
reduction of Fv soil population densities which consequently increased soybean yield 
(Rupe et al. 1997), primarily as the author observed a significant decrease in H. 
glycines population density which might have suppressed the synergism of Fv and H. 
glycines especially as seen in severe SDS occasions (Xing and Westphal 2006).  
SDS suppression was also seen effective at Iowa State University’s long-term 
diversified cropping systems trial at the Marsden farm. It consists of an extended 
rotation cropping systems including 3-year rotation system of corn/soybean/oats+red 
clover and 4-year rotation system of corn/soybean/oats+alfalfa/alfalfa, both with 
amendment of composted manure (Leandro et al. 2018). This study shows that 
interaction of many factors in soil health may cause suppression of Fv, such as through 
a decrease in soil bulk density and an increase in soil organic matter that improves 
general root health (Lazicki et al. 2016, Perez-Brandan et al. 2014). Although the 
extended rotation system included red clover and alfalfa, which are hosts to Fv, Fv 
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suppression is still consistent throughout the 6 years of study, even when disease 
pressure was low.  
Fv interaction with the soil microbial community  
Mechanisms that may explain this phenomenon are the rotation with oats, 
amendment of compost, and improvement of the microbial edaphic factors of the 
extended rotation system (Leandro et al. 2018). Another study showed that corn-
soybean rotation is at least a step of improvement compared to soybean monoculture, 
although it is not enough to manage SDS. Perez-Brandan et al. (2014) reported that 
corn-soybean rotation improves general soybean root health, increase microbial 
community parameters such as microbial biomass, glomalin-related soil protein, 
potential biocontrol agents (Trichoderma spp., actinomycetes, and fluorescent 
pseudomonads) as shown through fluorescein diacetate hydrolysis measures.  
There are at least 20 relatively more abundant microbial taxa that are associated 
with healthy soils in comparison to where SDS symptoms developed; these include 
Fusarium oxysporum sp. complex, Actinomycetales, Proteobacteria, and many more. 
Some of these identified taxa have been identified elsewhere to be plant growth-
promoting taxa or even antagonistic against pathogenic taxa (Srour et al. 2017).  
Green manure decomposition interaction with soil biota – foundations for green 
manure experiment 
Composted manure increases organic matter input and have been shown to 
improve suppression of soil-borne diseases (Lazarovits 2001). Thus, it is likely that 
composted manure is a critical feature which contributes to SDS suppression in 
Marsden farm. However, for our purposes, we are focusing our objectives on green 
manure and mechanisms associated to crop diversity.  
19 
There are several probable overarching mechanisms of suppression of SDS 
associated with diversified cropping systems: antibiosis effect through green manure of 
distinct crop species and indirect Fv suppression through the improvement of soil 
microbial community and increased competition against Fv. The two mechanisms of 
suppression however are not mutually exclusive, in fact they are likely synergistic in the 
case of green manure amendment. Root exudates may still come from green manure, 
negatively impacts the pathogen while providing primary nutrient source to the general 
soil microbial community (Bailey and Lazarovits 2003, Elliott et al. 1979), and 
subsequently induce proliferation of microbial populations (Perez et al. 2018, Cook 
2014). There are also plenty of evidence suggesting that besides exuding allelopathic 
compound, decomposition of green manure increases soil organic matter, thus 
improves soil microbial abundance and diversity (Abawi and Widmer 2000, Sturz and 
Christie 2002).  
Green manure experiment allows comparisons of organic amendments with 
differing C:N ratio. Composted manure in diversified cropping systems contribute high-N 
organic amendment as well as organic matter accumulation. A few pathosystems have 
reported contribution to disease severity as response to high-N amendment (Lazarovits 
2001), while in others, high N or low C:N ratio organic amendment tends to be 
suppressive to many other soil-borne pathogens (Bailey and Lazarovits 2003). For 
instance, the accumulation of ammonia through the amendment of meat and bone meal 
is responsible for killing V. dahliae in the soil (Tenuta 2002). Leaf C:N ratio and lignin 
content are generally lower than of the roots decompose and mobilize N faster than 
stems (Cobo et al. 2002), which turns out that high C:N ratio tends to be less conducive 
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for root disease expression (Papavizas 1967, Grunwald 1997). An indicator that can be 
used to observe the effect of C:N of green manure is the length of incubation time of 
green manure in reference to spikes in microbial activity (Grunwald et al 2000) to. If a 
soil is pathogen suppressive yet microbial activity is unsustained, it may indicate the 
action of secondary microbial metabolites in soil or potting mixes (van Bruggen and 
Semenov 2000).  
In further detail, Wiggins and Kinkel (2005) conceptualize a specific disease 
suppression by a streptomycyte population. In the case of potato-scab suppressive soil, 
green manure amendment specifically demonstrate a density-dependent streptomycete 
population dynamics. First, a specific organic matter from the decomposing green 
manure would select for increase in population of a specific antagonistic streptomycete 
community, which in another in a petri dish experiment, was shown to be capable to 
create large inhibition zone. This streptomycyte population continues to grow following 
its density-dependent population dynamics, and becomes increasingly more 
competitive. This also shows that green manure tends to be more effective when the 
pathogen is not widely established yet in the soil ecosystem, so the antagonist 
streptomycyte can establish itself ahead of the pathogen due to its density-dependent 
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Abstract 
Currently, there is lack of reliable management options for sudden death 
syndrome (SDS) of soybean, a disease caused by the fungus Fusarium virguliforme. 
Among the options being explored is seed treatment with fluopyram and extended crop 
rotation. Extension of the 2-year corn-soybean rotation that currently dominates the 
central U.S. to more species-rich 3-year or 4-year rotations might be effective in 
suppressing the disease, while maintaining or increasing profitability. The latter 
hypothesis was tested in 2017 to 2019 within a long-term field experiment in Boone, 
Iowa. Main plots comprised three rotation systems: a 2-year corn-soybean system, a 3-
year corn-soybean-oat/red clover system, and a 4-year corn-soybean-oat/alfalfa-alfalfa 
system. Each main plot was divided into subplots in which soybean seeds were treated 
with commercial base fungicide with and without fluopyram. Averaged over the three 
growing seasons, soybean yield in the 4-year rotation system was 18% higher than in 
the 2-year system (p=0.001), and 13% higher than in the 3-year system (p=0.019). In 
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contrast, fluopyram seed treatment reduced yield by 3% (p=0.020). Profitability of the 
soybean crop in the 4-year system was $229 ha-1 and $162 ha-1 higher than the 2-year 
and the 3-year systems, respectively (p=0.0008, 0.019), whereas profitability decreased 
by $80 ha-1 with fluopyram application (p=0.0001). Averaged across all crops within the 
rotation sequences, profitability of the 2-year system was equivalent to that of the 4-year 
system in 2017 (p=0.408), 40% lower in 2018 (p=0.015), and 26% higher in 2019 
(p=0.009). Results of this study indicate that in comparison with the conventional 2-year 
rotation receiving fluopyram seed treatment, the 3- and 4-year rotation systems without 
fluopyram brought higher yields and better SDS suppression, but variable economic 
returns. 
Introduction 
Sudden death syndrome (SDS) is one of the most economically important 
soybean diseases in the U.S. and Canada and remains challenging to manage. It was 
consistently identified among the top five most destructive diseases of soybean in 2010 
to 2014 (Allen et al. 2017). Sudden death syndrome was first confirmed in Arkansas in 
1971, reaching Iowa in 1993 (Yang and Rizvi 1994), and then every major soybean-
producing US state, most recently North Dakota in 2018 (Nelson et al. 2018). Between 
2010 and 2014, SDS was responsible for the loss of more than 5.6 million metric tons of 
yield in 12 states in the northern U.S. and Ontario, Canada (Allen et al. 2017), and 
annually caused at least $330 million of losses to growers' economic returns (Wrather 
2010).  
In North America, SDS is caused by a soil-borne fungus, Fusarium virguliforme 
(Fv) (Aoki et al. 2003). The pathogen infects roots of soybean, colonizes the xylem, and 
produces a phytotoxin called FvTox1 (Brar et al. 2011, Pudake et al. 2013) that travels 
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to the shoot through the xylem, and eventually causes root rot, leaf tissue interveinal 
chlorosis and necrosis, and premature defoliation (Roy et al. 1997). SDS development 
is, however, very contingent upon a conducive environment, particularly soils with cool 
temperature and high moisture at the beginning of emergence of the radicle (Fehr et al. 
1971, Gongora-Canul and Leandro 2011). In Iowa, SDS epidemics are associated with 
years when planting occurs on compacted and cool soil and high precipitation during 
early to late vegetative stages of soybean growth (Leandro et al. 2013, de Farias Neto 
et al. 2006, Scherm and Yang 1996). Between 1993, when SDS was first discovered in 
Iowa, and 2011, there were four years of SDS epidemics.  
Fv is a slow-growing fungus, but can survive in the soil for many years, living in 
crop residue (Rupe et al. 1997, Navi and Yang 2016), or in a form of long-term survival 
structure, a chlamydospore (Li et al. 1998, Roy et al. 1997). Management of SDS ideally 
includes planting SDS-resistant cultivars, but currently only partially resistant cultivars 
are available (Kandel et al. 2016a, 2019). Delaying planting date is effective in reducing 
SDS severity, however it can reduce soybean yield while not consistently reducing SDS 
(Kandel et al. 2016b). Other SDS management approaches that have had some 
success are crop rotation (Rupe et al. 1997, Leandro et al. 2018) and application of 
fluopyram as seed treatment (Kandel et al. 2016a, 2018).   
Compared with fluopyram, other commercial fungicide seed treatments targeted 
to protect against damping-off pathogens have had measurable success in increasing 
soybean yield (Esker and Conley 2012). In the case of fluopyram, damage to plant 
population density due to phytotoxic effects of the fungicide have been reported, 
causing yield to be more variable compared to seed treated with other fungicides 
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(Kandel et al. 2017, Gaspar et al. 2017). Fluopyram is also substantially more costly 
($49 ha-1) in comparison to a standard commercial-base seed treatment ($15 ha-1). A 
meta-analysis of the benefits and profitability of fluopyram seed treatment indicated that 
there was >80% chance of yield increase when disease level was high, and only 53% 
chance of yield increase when there were no SDS foliar symptoms or when disease 
pressure was low (Kandel et al. 2018). Thus, the potential value of fluopyram is likely to 
be highly dependent upon the combination of a high disease level and a conducive 
environment in a specific growing season (Kandel et al. 2016b). Fluopyram could be a 
useful investment in SDS epidemic years, but a lack of relevant data with which to make 
effective epidemic predictions and the lack of in-season management options makes it 
difficult to evaluate control efficacy and cost-effectiveness.  
It is not clear whether fluopyram can effectively suppress Fv populations in the 
soil despite evidence that shows fluopyram can suppress SDS (Kandel et al. 2016a, 
2018). Both Fv and soybean cyst nematode (SCN) populations have been documented 
to affect soybean yield negatively, and their effects can be synergistic (Westphal et al. 
2014, Roy et al. 1997, Roth et al. 2019). Various Fv isolates have been shown to be 
sensitive to fluopyram in vitro (Wang et al. 2018), however, some field studies have 
found fluopyram to be ineffective in consistently reducing Fv in roots and SCN 
population density and viability (Kandel et al. 2016a, 2017, Roth et al. 2020).  
To compensate for the additional cost of fluopyram application, Poag et al. 
(2005) and Gaspar et al. (2015, 2017) suggested adjusting soybean seeding rate to be 
“economically optimum,” i.e. 232,000-261,000 seeds ha-1  to offset the expense of the 
seed and seed treatment, while relying on the plasticity of the soybean plant to 
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maximize productivity in a larger space. This shows that the decision to implement 
fluopyram as a seed treatment for management of SDS needs to be calculated carefully 
and ideally targeted at specific areas of a field known to be SDS susceptible (Kandel et 
al. 2016b).  
Diversified cropping systems can be highly effective in controlling SDS. Leandro 
et al. (2018) compared a 2-year conventional corn-soybean cropping system with 3- and 
4-year cropping systems that included oat and red clover or oat and alfalfa; the latter 
systems also received 86-91% less synthetic fertilizer while being supplemented with 
composted manure. In five out of six study years, SDS incidence and severity were up 
to 17-fold lower and Fv populations were up to 5-fold lower in the 4-year compared to 
the 2-year rotation system. The 3- and 4-year cropping systems were also associated 
with various agronomic and environmental benefits, such as higher yield, greater soil 
microbiological activity (King and Hofmockel 2017), lower soil erosion (Hunt et al. 2019), 
lower herbicide-related freshwater toxicity levels (Hunt et al. 2017), reduced fossil 
energy use (Cruse et al. 2010), and equivalent or higher economic return (Davis et al. 
2012). In the present study, we sought to compare two potential SDS management 
options, fluopyram seed treatment application and diversified crop rotation, with regard 
to their main and interactive effects on SDS pressure and profitability.  
 
Materials and Methods 
Field experiment and design  
The experiment was conducted at Iowa State University’s Marsden Farm, in 
Boone County, IA (42°01’ N; 93°47’ W; 333 m above sea level), within a long-term, 
cropping system study that was started in 2001 (Liebman et al. 2008). Soils at the farm 
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site are Mollisols, predominantly Clarion loam, Nicollet loam, and Webster silty clay 
loam, with smaller areas of Harps loam and Canisteo silty clay. The site does not have 
a comprehensive subsurface tile drainage system. Most of the land in the surrounding 
area is farmed for corn and soybean that are typically rotated every year. The 
experiment followed a randomized complete block split-plot design with four blocks, with 
each plot measuring 18 m x 84 m. The main plots consisted of three crop rotation 
systems, while the subplots comprised two different seed treatments.  
The main plot treatments of the experiment contained a 2-year rotation (corn-
soybean), a 3-year rotation (corn-soybean-oat/red clover), and 4-year rotation (corn-
soybean-oats/alfalfa-alfalfa); (-) indicates crop succession between years, (/) indicates 
intercropping in the same plot and year. Corn and soybean were grown for grain, oat 
was grown for grain and straw, red clover was grown as a cover crop, and alfalfa was 
grown as hay. The 2-year rotation system received a standard rate of synthetic nitrogen 
fertilizer, while the 3-year and 4-year rotation systems received reduced rates (0.14x, 
0.09x respectively) of synthetic N fertilizer and were amended with composted cattle 
manure in the fall preceding corn production. The composted manure was obtained 
from the ISU compost facility and was produced from a mixture of manure and bedding 
wastes as well as yard and cornstalk wastes. Soybean plots received disking, pre-
planting field cultivation, and pre- and post-emergence herbicides for weed control 
purposes.  
The two seed treatments compared in this study were commercial base (CB, 
base) and commercial base plus fluopyram (CBF, fluopyram). The commercial base 
seed treatment was marketed as SoyShield (Latham Hi-Tech Seeds, Alexander, IA), 
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and was a mixture of multiple fungicide active ingredients: pyraclostrobin, fluxiapyroxad, 
metalaxyl (Acceleron; Bayer CropScience, Research Triangle Park, NC). The 
commercial base plus fluopyram was marketed as SoyShield plus ILeVO (Bayer 
CropScience, Research Triangle Park, NC). In 2017, CBF-treated seeds were planted 
on the north end of each soybean plot, 6.6 m inwards from the north border, in 6-row 
subplots (4.6 x 5.4 m), followed by another 5.4 m of the CB control, adjacent to south of 
the CBF plots. In 2018 and 2019, seed treatment subplots were planted as long strip 
plots. The two rows (1.52 m x 84 m) of with (CBF) and without fluopyram (CB) seed 
treatments were interchangeably randomized with seed-treated plots placed on rows 3 
and 4 or 5 and 6 from the edge. Within each strip, 10 quadrat areas (1.52 m x 1.00 m) 
were identified for different plant assessment purposes.  
Plant population density 
Soybean was planted at 346,000 seeds/hectare. Plant population density of 
soybean seedlings was determined at R8 stage, a few days before harvest in 2018 and 
2019 on both the CB and CBF treated soybean subplots. Plant population count was 
done on 1-m x 2  rows in 10 quadrats, summed for each subplot, and extrapolated to 
units of plants per hectare.  
Plant growth and disease assessments 
Sudden death syndrome foliar incidence (DI) and severity (DS) were assessed 
for each quadrat in each subplot, every week during the crop growth cycle starting July 
9th in 2018 and September 6th in 2019. SDS foliar incidence was considered as the 
number of symptomatic plants in each quadrat relative to all plants in the quadrat using 
a percent scale from 1-100. SDS foliar severity was considered as percent symptomatic 
foliar area only of the diseased plants. SDS disease index was calculated using the 
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formula (DI X DS)/9 following a scale previously published on SDS measurement (Njiti 
et al. 1998). Finally, the mean SDS foliar incidence and severity were averaged from 10 
quadrats of each subplot and the peak SDS disease rating value, typically at R5 growth 
stage, was used in the analysis. 
Plant height and canopy width were measured on July 24, 2019 to determine the 
effect of seed treatment on soybean plant size. Plant height was measured on two rows 
of each subplot for every quadrat, while canopy width was measured on two points on 
each row of each quadrat, on 5 out of the 10 quadrats of each subplot.  
Yield 
In 2017, soybean grain yield was determined by breaking soybean plants at the 
base of the shoot by hand and threshing for seed yield using a small bundle thresher 
(Almaco, Nevada, IA), and then drying seeds in an forced-air oven facility. Yields were 
then adjusted to 13% moisture.  In 2018 and 2019, soybean grain was harvested using 
a plot combine due to the change to long-strip plot arrangement, and adjusted to 13% 
moisture. Soybean grain yields of the seed treatment subplots were summarized as 
yield of each CBF subplot divided by the yield of its paired CB subplot. Yields of bulk 
areas of each plot (4.5 m x 84 m) not treated with fluopyram were determined with a 
combine equipped with a yield monitor. The proportion of CBF to CB yields from each 
subplot was then multiplied by the yield of the bulk area not treated with fluopyram to 
extrapolate fluopyram effects on yield at a plot scale.  
Economic analysis  
We determined economic return to land and management for each combination 
of rotation system and seed treatment. The net return value accounted for all field 
operations, material inputs, and labor expenses. Compost application that the 3-year 
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and 4-year rotation systems received was assessed for the cost of application, but not 
for nutrient value, as it was assumed that livestock were kept on the farm and 
composted manure was produced on the farm. Net returns to land and management 
were calculated as the difference between gross revenue from grain sales and total 
annual farm expenses, not taking into account the cost of land rent, management such 
as grain marketing, and possible federal subsidies. 
Partial budget analysis of use of the plus-fluopyram seed treatment in 
comparison to CB was conducted to determine the difference in annual partial profit per 
unit area, with all other expenses for growing soybean held constant. Therefore, it 
compared the higher expense from CBF seed treatment and the response to revenue, 
based on the current year’s yield and soybean grain price. The soybean grain price 
followed the average marketing year obtained from the USDA National Agricultural 
Statistics Service (https://www.extension.iastate.edu/agdm/crops/pdf/a2-11.pdf).  
Sensitivity analysis was also conducted to compare various scenarios of yield 
gain or loss due to fluopyram across the three different cropping systems. The 
sensitivity analysis model curve gradient was visualized to determine the extent of 
response of economic return to seed treatment use in the three different cropping 
systems. The sensitivity analysis included five scenarios: (a) fluopyram effects as 
present in the field experimental data, (b) fluopyram not causing any yield change, (c) 
fluopyram increasing yield by 1%, (d) fluopyram use resulting in break-even due to 
increases in yield and economic returns covering seed treatment cost, and (e) 
fluopyram use increasing yield by 5%. 
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In the whole cropping systems budget analysis, we evaluated net returns to land 
and management on a unit land area basis for each cropping system and seed 
treatment combination. We assumed all crops were grown at the same time, for 
example, in the 3-year rotation system, corn, soybean, and oat were grown at the same 
time in equal areas, and rotated in the sequence specified above. Consequently, the net 
returns to a unit land area were determined as the average for the two or three or four 
crops, divided in equal proportion of land area occupied by each crop each year. Whole-
farm average net return summarized the average of net return per unit area from each 
crop year, while accounting for differences due to the added CBF seed treatment on the 
soybean crop.  
Statistical analysis 
The data associated with yield and economic return of the soybean crop were 
analyzed as a combined 3-year experiment. Analyses of variance were conducted 
based on linear mixed-effects model that included terms for rotation, seed treatment, 
block, year, rotation x year, seed treatment x year, rotation x seed treatment, and 
rotation x seed treatment x year as fixed terms. A random term for block x year x 
rotation was used for the main plot error. The models were fit in R (R Core Development 
Team 2019), using the lmer() function and ANOVA was carried out using the anova() 
function of the lme4 (Bates et al. 2015) and lmerTest (Kuznetsova et al. 2017) 
packages. Post-hoc analysis of rotation system and seed treatment effects on yield and 
economic returns was conducted using least-square means and the emmeans package 
(Lenth 2019). When the rotation x year term was significant, rotation systems were 




Plant population density 
In 2018 and 2019, soybean population density at R8 stage did not show a 
significant effect of rotation system (p=0.59), nor seed treatment (p=0.49). The plant 
population density in 2018 was substantially lower than 2019 due to a hailstorm and 
flood in June 2018 that severely damaged many plants (Table 2.1).  
Foliar SDS incidence and severity, canopy height and width, and yield 
Disease incidence and severity in 2017 were too low to measure; by the time 
foliar SDS symptom became evident, leaf senescence had already begun, making foliar 
symptoms indistinguishable. In 2018 and 2019, SDS severity and incidence were 
generally lower compared to the previous 7 years of observation in this plot (Leandro et 
al. 2018).  
Averaging from 2018 and 2019, mean SDS incidence in the 4-year system was 
lower than in the 2-year (p=0.013) and 3-year systems (p=0.002) (Fig 2.1), whereas 
SDS severity did not differ across the three cropping systems. The SDS disease index 
(FDX) was lower in the 4-year compared to the 3-year system (p=0.035), and no 
different compared to the 2-year system (p=0.286). In contrast, addition of fluopyram 
seed treatment did not influence any of the disease measurements. Thus, rotation 
system demonstrated a stronger effect on suppression, specifically on SDS incidence, 
than fluopyram seed treatment did (Table 2.2). Interactive effects of crop diversity and 
fluopyram on disease incidence and severity were not significant (p=0.361,0.563, Table 
3).  
Both plant canopy height (p=0.002) and width were greater (p=0.02) in the 4-year 
rotation system compared to the 2-year rotation system in 2019 (Fig 2.2).  Fluopyram 
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seed treatment on the other hand did not affect plant canopy height (p=0.34) nor width 
(p=0.12). 
Across 2017-2019, soybean yield in the 4-year rotation system averaged over 
both seed treatments was 18% higher than in the 2-year rotation system (p=0.001) and 
13% higher than in the 3-year system (p=0.019, Fig 2.3). Fluopyram-added seed 
treatment reduced soybean yield compared to the commercial base treatment by 3% 
(p=0.020, Table 2.3). The significantly lower crop population density in 2018 (Table 2.1) 
was parallel to the lower yield found in 2018 compared to 2019.  
Economic return of soybean  
Economic return from soybean in 2018 was very low compared with 2017 and 
2019 (Fig. 2.2). The main effects of rotation system across 2017 to 2019 were 
significant: mean partial profit for soybean in the 4-year system was $229 ha-1 and $162 
ha-1 higher than the 2-year and the 3-year systems, respectively (p=0.0008, 0.019), 
averaged over both seed treatments. The economic return of CB-treated soybean was 
higher than that of CBF-treated soybean (p=0.0001) with a mean difference of $80 ha-1. 
This economic return value difference can be broken down into two main components: 
first, the marginal cost of fluopyram amendment averaging $34 ha-1, and second, from 
yield loss, averaging $46 ha-1 depending on the rotation system it was associated with. 
Further details on the comparison of yield differences due to fluopyram in different 
rotation systems are explained in the sensitivity analysis (Fig 2.5).  
Partial budget analysis, soybean  
Even though there were large differences in economic returns between the three 
years, partial budget analysis from each year showed similar differences in economic 
returns between the rotation systems. Among the six treatment combinations (2 seed 
40 
treatments x 3 rotation systems), mean economic return differed up to $341, $300, and 
$250 ha-1 in 2017, 2018 and 2019, respectively, all exhibited by the difference between 
the 4-year rotation system + CB compared to the 2-year rotation system + CB + 
fluopyram (Fig 2.4).  
Sensitivity analysis of changes in economic return due to fluopyram  
Use of fluopyram resulted in varying changes in yield in the different rotation 
systems. Consequently, the sensitivity of the economic return from the different rotation 
systems, as a function of yield change due to fluopyram was calculated. The 4-year 
rotation system typically suffered the highest economic loss due to fluopyram; in 2019, 
yield was reduced by 6.8%, equivalent to a monetary loss of $146 ha-1 (Fig. 2.7). 
Conversely, if use of fluopyram had resulted in a 5% yield increase in a higher SDS 
pressure year or environment, there would have been a $50 ha-1 increase in the 4-year 
system compared to $27 ha-1 in the 2-year system. In 2018, however, the extent of 
change in economic return was not as pronounced, as shown by the flatter slopes of the 
curves across the three cropping systems. On the other hand, the differences in 
economic return due to fluopyram applications were more sensitive in 2017 as shown 
by the steeper slopes across the three cropping systems, partly due to the higher 
soybean market price compared to in 2018 and 2019.  
Whole-farm average of the rotation systems  
There was an interaction between years and rotation systems, such that the 
profitability ranks of the three rotation systems differed among years (p=0.005, Table 
2.3). In contrast, fluopyram consistently reduced profitability in all three years by an 
average of $14 ha-1 (p<0.0001). In 2017 whole-farm profitability in the 2-year system 
was not different than the 4-year system (p=0.408). In 2018, the 4-year system 
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profitability was 40% higher than 2-year (p=0.015) and 18% higher than the 3-year 
(p=0.009) systems (Table 2.4). In 2019, the 2-year system was 26% higher than the 4-
year system (p=0.05, Table 2.4).  
The 3-year and 4-year rotation systems included an oat crop, which was 
unprofitable in 2017 and 2018, while the alfalfa crop that was included in the 4-year 
rotation system was consistently profitable (Fig 2.6). The soybean crop years were 
particularly responsive to the changes associated with the extended 3-year and 4-year 
rotation systems; either of the longer rotation systems resulted in a significantly higher 
return compared to the 2-year rotation system. The corn years in 2017 and 2018 
showed increasing yield trend in the 3-and 4-year rotation systems, but not in 2019. 
When the yield increase in the 4-year compared to the 2-year rotation systems in both 
corn and soybean is largest such as in 2018, the 4-year rotation system results in a 
higher whole-farm average economic return compared to the 2-year system.  
For each year, the cost of production was consistently highest in the 2-year 
system, followed by the 4-year and then the 3-year system, similar to the pattern with 
revenue (Table 2.5). The revenue generated from use of CB+fluopyram was similar to 




The results from this experiment shows that economic returns from 4-year 
rotation system were variable relative to the other systems; profitability of the the 4-year 
rotation was no different than a typical 2-year corn-soybean rotation in one of three 
years, more profitable in one year, and less profitable in the other one year. In contrast, 
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fluopyram consistently decreased profitability when considering the soybean crop alone 
or when whole rotations were considered. In part, this was because when SDS pressure 
is low, the likelihood of achieving positive net return decreases substantially (Kandel et 
al. 2018). Our rotation system results concur with findings from another related study, in 
which disease incidence and severity in the 4-year rotation system were lower than the 
shorter rotation and were accompanied by improved soybean yield (Leandro et al. 
2018).  
Effect of crop rotation and fluopyram on SDS and Fv population density 
Leandro et al. (2018) reported that SDS suppression gained through use of 
diversified crop rotations accounted for the majority of soybean yield variations; SDS 
incidence and SDS severity explained 66% and 49% yield variation, respectively. We 
did not attempt such regression analysis in our study due to the low disease pressure. 
Nevertheless, we were still able to detect improved plant health in the 4-year rotation 
system, which showed more consistent SDS suppression (Fig. 2.1) compared to the 2-
year corn-soybean rotation, and greater canopy height and width (Fig. 2.2).  
With the low disease levels within the present study, fluopyram did not affect 
SDS incidence and severity (Fig 2.1), and instead caused reductions in yield (Fig. 2.3b). 
We observed 2.4-7.7% yield reductions due to fluopyram use even though the treatment 
slightly reduced SDS incidence in 2019 (Fig 2.3b). The yield reduction was likely not 
associated with plant population density or physiological growth, since neither plant 
population density (Table 1) nor canopy height and width (Fig 2.2) showed effects of 
fluopyram in 2019. Occasional yield reduction has been attributed to a phytotoxic effect 
of fluopyram that reduces crop population density (Gaspar et al. 2017, Kandel et al. 
2016).  
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Crop rotation has previously been shown to be effective in management of SDS. 
Rupe et al. (1997) reported that two-year crop rotation of soybean-sorghum or soybean-
wheat increased yields and reduced the population density of Fv and soybean cyst 
nematode (SCN). In previous work on the Marsden Farm plots, Leandro et al. (2018) 
found 5.4 times lower Fv soil population density and 3.0-4.8 times lower SCN population 
density on plots that underwent diversified rotation system in two years of observation. 
The potential of crop rotation in suppressing Fv and SCN density may have explained 
the edge it has compared to fluopyram. Nevertheless, correct selection of rotation crops 
would be crucial since Fv has a wide range of hosts in leguminous crops, although not 
so for SCN. Options for SDS-suppressive crop rotations include oat with red clover, or 
oat with alfalfa (Leandro et al. 2018), sorghum, wheat, and fescue (Rupe et al. 1997), 
but not corn (Navi and Yang 2016), nor other cover crops that have been identified to be 
hosts of Fv such as alfalfa, red and white clover, pinto and navy bean, pea, Canadian 
milk vetch, crimson clover, and hairy vetch (Kobayashi-Leonel et al. 2017, Kolander et 
al. 2012).  
Yield 
Our results show that extended cropping systems resulted in yield improvement 
of soybean, regardless of SDS pressure in a particular year. Higher soybean grain yield 
has been observed in the 3- and 4-year rotation systems since the experiment was 
implemented in 2002: average yields were 9% higher between 2003-2011 (Davis et al. 
2012), and 23-27% higher between 2008-2016 (Hunt et al. 2019). In regard to the 
profitability of fluopyram application, Kandel et al.’s (2018) meta-analysis calculated a 
>80% chance that fluopyram use would result in 7.6% average yield gain when SDS 
pressure was high; however, 54 out of the 260 included studies reported yield decrease 
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associated with fluopyram with or without occurrence of developed foliar symptoms, not 
yet accounting for the cost of fluopyram. Alternatively, Leandro et al. (2018) reported 
that there was a 72% chance of gaining 24-31% more yield with use of 3-year and 4-
year rotation systems relative to the 2-year rotation system, based on a 6-year 
observation with inclusion of 2011 and 2012 data when disease level was very low.  
Corn yield also increased with greater crop diversity in 2017 and 2018 (data not 
shown), despite receiving substantially lower amounts of synthetic N (86-91% lower) 
(Liebman et al. 2008, Davis et al. 2012). As crop diversity increases, other forms of 
biodiversity can increase and ecosystem services can be acquired, including more 
efficient nutrient cycling, weed seed predation (Westerman et al. 2005), and enhanced 
biological control in the soil (Bennet et al. 2012) . Soil quality improvement in the 
extended rotation system may have contributed to the yield increase as various studies 
have reported higher amounts of microbial biomass carbon (King and Hofmockel 2017), 
particulate organic matter carbon, and potentially mineralizable nitrogen (Lazicki et al. 
2016). It is possible that these parameters have generated higher microbial activity that 
leads to SDS suppression (van Bruggen and Semenov 2000).  
Economic return of extended crop rotation and fluopyram seed treatment  
Based on the partial budget analysis for soybean, the 4-year crop rotation without 
fluopyram was $250-341 ha-1 more profitable than the 2-year conventional corn-
soybean rotation with fluopyram (Fig. 2.5), reflecting in part, higher efficacy in SDS 
control in the 4-year rotation system. However, when whole-farm profitability was 
considered, the ranks for the rotation systems were more variable; the whole-farm 
profitability of the 4-year system was $173 ha-1 higher than 2-year rotation in 2018, but 
$141 ha-1 lower in 2019, while no significant difference was found in 2017 (Table 2.4). 
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In 2017 and 2019, when both corn and soybean net economic returns were 
rather high, the average profit for the whole rotation in the 2-year system was higher 
compared to the 3-year or the 4-year rotation system. The low economic return of the 
oat crop contributed negatively to the 4-year system, despite alfalfa’s consistency in 
providing a “safety net” to the system, even during a season with catastrophic weather 
for the other adjacent crops such as in 2018 (Fig 2.6). The 3-year and 4-year systems 
also saved $5-34 ha-1 compared to the 2-year rotation system from the reduced 
expense on synthetic N fertilizer that was replaced by N input from the red clover cover 
crop, alfalfa residue, and manure. Although labor costs in the extended cropping 
systems were slightly higher, total costs were still substantially lower than the 
conventional 2-year rotation system (Appendix A). Retrospectively, our results are 
similar to previous economic analysis on the same experimental site which accounted 
for data from the last 17 years, i.e. the 4-year rotation system typically maintained net 
economic returns compared to the 2-year rotation (Liebman et al. 2008, Davis et al. 
2012, Hunt et al. 2017). In a more typical growing season, when SDS pressure is also 
higher, there might be an even wider soybean yield margin between the 4-year and 2-
year rotation system, which would have favored the profitability of the 4-year rotation 
system further.  
Fluopyram did not return higher profit when evaluated either solely for the 
soybean crop or in any of the whole-farm rotation system analyses (Fig 2.3, Fig 2.6). 
The ISU Extension 2020 Ag Decision Maker suggests an average of $79 ha-1 to spend 
on crop protection (Plastina 2020), while the marginal cost of fluopyram alone costs $34 
ha-1, on top of the $15 ha-1 commercial-base fungicide. Fluopyram + CB would then 
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take up already 63% of the suggested allotment for crop protection. Assuming similar 
growing conditions and disease pressure to our experiment, unless the cost of 
fluopyram went down significantly, fluopyram could be deemed too costly for the 
potential benefit it provides. 
When it comes to management of SDS, integrated disease management should 
be preferred. Over-reliance on a chemical seed treatment such as fluopyram can be 
counter-productive when disease pressure is low while yield gain is not guaranteed. 
Furthermore, heavy reliance on fungicide seed treatments may select for resistance and 
may shift soil microbial community structure and functions (Zhang et al. 2014). 
Consequently, growers should make careful considerations when using fluopyram seed 
treatment, probably focusing only on targeted areas where SDS hotspots often occur 
(Hartman et al. 2015, Roth et al. 2019). In the future, a highly precise, high-throughput 
pre-season risk assessment of SDS may emerge and become available for growers 
with aid of remote sensing and other improved molecular tools (Yang et al. 2016, Roth 
et al. 2019). Such information could be coupled with information on suppressive 
potential of soil biological communities as several microbial taxa have been found to 
associate with soil and root microbiomes of Fv-suppressive soil (Srour et al. 2017, 
Wattenburger et al. 2019). This may allow a more precise selection of areas to target for 
seed treatment applications, and perhaps extended crop rotations.  
To our knowledge, this study is the first to compare the economics of extended 
crop rotation and seed treatment options as SDS management options. Our study 
showed that implementation of a 4-year rotation system comprising corn-soybean-
oat/alfalfa-alfalfa gave variable differences compared to a conventional corn-soybean 
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system, while use of fluopyram did not increase soybean yield and profitability, 
especially in a diversified cropping system. Nevertheless, extended crop rotation often 
increases yield in the main cash crops such as corn and soybean, improves soil health, 
including a substantive SDS suppression, amongst many other agronomic and 
environmental benefits (Bennett et al. 2012). These benefits should encourage growers 
to take steps towards a more integrated disease management tactics that include 
diversified cropping systems. 
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Tables and Figures  
Tables 
 Table 2.1 Comparison of mean plant population density per hectare (PPD) at 
Marsden farm in 2018-2019 for CB and CB+fluopyram treated soybean plants counted 
at the R8 stage. 
   Base seed trt 
Base+fluopyram 
seed trt 
Year Rotation PPD SE   PPD SE   
2018 2-yr 166,667 3,357 ai 171,424 10,057 a 
  3-yr 169,455 8,034 a 174,541 6,173 a 
  4-yr 160,761 6,713 a 161,089 6,134 a 
2019 2-yr 301,843 12,735 a 290,688 7,277 a 
  3-yr 292,656 10,292 a 287,079 17,885 a 
  4-yr 308,077 6,806 a 295,609 10,408 a 
 
PPD = Plant population density, measured as number of plants ha-1; base= commercial base fungicide, 
 base+fluopyram= commercial base fungicide+fluopyram.  
iWithin years, means followed by the same letter are not significantly different at p=0.05.  
  
Table 2.2 Analysis of variance of disease incidence (DI), disease severity (DS), disease 
index (DX) idata from 2018 and 2019. 
 df DI DS DX 
Rotation 2 0.0022* 0.0863 0.044* 
2-yr vs 3-yr 1 0.623 0.5862 0.44 
2-yr vs-4 yr 1 0.0129* 0.3527 0.286 
3-yr-vs 4-yr 1 0.024* 0.0734* 0.036* 
Seed trt 1 0.0907 0.0078* 0.078 
Block 3 0.2111 0.2817 0.729 
Year 1 <0.0001* <0.0001* <0.0001* 
Rotation*Year 2 0.5153 0.1261 0.151 
Seed trt*Year 1 0.1245 0.0203* 0.454 
Rotation*Seed trt 2 0.3614 0.5636 0.103 
Rotation*Seed trt*Year 2 0.012* 0.2313 0.004* 
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 Table 2.3 Summary of analysis of variance of yield, soybean net economic return, 
average rotation net economic return, and average rotation cost, from 2017 to 2019; 






Rotation 0.001* 0.001* 0.028* 
2 yr-3 yr 0.443 0.434 0.030* 
2 yr-4 yr 0.001* 0.001* 0.886 
3 yr-4 yr 0.019* 0.018 0.091 
Seed treatment 0.020* <0.0001* <0.0001* 
Block 0.355 0.303 0.570 
Year <0.0001* <0.0001* <0.0001* 
Rotation X Year 0.862 0.834 0.005* 
Seed trt X Year 0.261 0.192 0.199 
Rotation X Seed trt 0.927 0.925 0.574 
Rotation X Seed trt X 
Year 0.844 0.867 0.912 
 
Table 2.4 Whole-farm economic profitability ($ ha-1) from 2017 to 2019, broken down to 
cost, revenue, and partial profit analyzed separately by year. 


















2-yr 685 ai 763 a 1448 a 264 b 900 a 1163 ab 549 a 951 a 1500 a 
3-yr 525 b 734 c 1259 b 233 b 816 c 1049 b 461 ab 833 c 1294 b 
4-yr 606 ab 744 b 1349 ab 437 a 825 b 1262 a 408 b 842 b 1250 b 
 
Profit indicates the economic return to land and management of all crops considered in the whole rotation system. 
Numbers shown are marginal means averaging over the two seed treatments. 





base= commercial base fungicide, base+fluopyram= commercial base fungicide+fluopyram.  
 
Figure 2.1 Comparison of SDS disease incidence (DI), disease severity (DS), and 
calculated disease index (DX) of three rotation systems and two seed treatments on 
soybean at R5-R6 growth stage in 2018 and 2019 at Marsden farm. 
 
Figure 2.2 Soybean canopy height and width in July 2019 at V4-V5. Different letters 






Figure 2.3 Marginal means of soybean grain yield, averaging values of three years from 
2017 to 2019, showing comparisons of a) rotation systems, b) seed treatment. Means 
not topped by the same letter are significantly different at p=0.05 
57 
 
Figure 2.4 a) Mean economic return to land and management for soybean, as affected 
by rotation systems and seed treatment of soybean, in 2017 to 2019. The numbers 
below the bars indicate the mean economic return of the soybean crop. b) Partial 
budget analysis comparing mean economic return to land and management, for 
soybean grain relative to the 2-year rotation+ fluopyram treatment, during 2017-2019. 
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a – fluopyram effects as present in the experimental field data 
b – fluopyram not causing any yield change 
c – fluopyram increasing yield by 1% 
d – fluopyram use resulting in break-even due to increases in yield and economic return 
e – fluopyram use increasing yield by 5% 
Figure 2.5 Sensitivity analysis model showing the extent of per hectare profit margin as 






Figure 2.6 Whole-farm economic profitability breakdown for three crop rotation systems 
and two fungicide treatments in 2017-2019. The lower bar on the stacked bars indicates 
the fluopyram treatment. Letters above the bars indicate mean separation based on the 
analysis of least marginal means.  
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Abstract 
Sudden death syndrome is one of the most damaging diseases of soybean in the 
US today and is caused by a soil-borne fungus, Fusarium virguliforme (Fv). There is 
currently a lack of reliable management options for SDS, apart from fluopyram fungicide 
and partially-resistant cultivars. Diversified cropping systems, however, have shown the 
ability to manage SDS, perhaps through an interaction of multiple mechanisms 
mediated by changes in soil biological activity. To improve understanding of how crop 
diversity might suppress SDS, we conducted greenhouse studies focusing on two 
possible mechanisms: (1) enhancement of biological activity through soil amendment 
with fresh and dried green manures of oat, rye, and alfalfa, and (2) suppression of 
biological activity by autoclaving soils from diversified crop rotations with low SDS 
occurrence. In each experiment, we measured root rot, SDS foliar severity, and plant 
weight. We found that fresh oat and rye green manures suppressed root rot severity of 
the top 0-2 cm part of the root caused by SDS by 85% (p=0.01) and 67% (p=0.04), 
respectively, while alfalfa did not contribute to SDS suppression (p=0.16). Dried alfalfa 
green manure, however, suppressed root rot 48% more than fresh alfalfa green manure 
(p<0.001), while dried oats relative to the fresh green manure did not (p=0.89). Non-
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autoclaved, historically SDS-suppressive soil caused 91% suppression of root rot 
(p<0.0001), 94% reduction in Fv population (p=0.0001), 61% reduction in SDS foliar 
severity (p<0.0001), and 52% increase in soybean plant weight (p=0.003) compared to 
autoclaved soil. These effects did not take into consideration possible effects of 
autoclaving on soil chemistry and nutrients. Results of this study indicate that soil 
biological activity in general, and specific types of green manure such as oat and rye, 
play important roles in SDS suppression. 
 
Introduction 
Sudden death syndrome (SDS) was first confirmed in the US in 1971, and since 
the 1990s has been classified among the most important soybean diseases in the 
United States (Roy et al. 1997). SDS has the potential for causing high-scale yield 
losses of up to 80%, depending on the severity of the outbreak (Roy et al. 1997). The 
disease is caused by a soil-borne fungus, Fusarium virguliforme (Fv) (Aoki et al. 2003). 
One of the biggest challenges in eradicating SDS is that Fv can persist as 
chlamydospores for multiple years in the soil (Melgar et al. 1994). Fv often continues its 
lifecycle on corn residue, which is widely used as the the only rotation crop following 
soybean in Iowa (Navi and Yang 2016) and most of the US Midwestern states. 
Consequently, Fv can persist in the field before soybean is planted the following year.  
Management of SDS relies primarily on the use of resistance soybean varieties 
(Kandel 2016a, 2019) and a seed treatment (Kandel 2016b, 2018). However, these 
approaches are not completely effective as yield loss can still occur when disease 
pressure is high. Cultural practices such as improvement of soil drainage do not prevent 
severe SDS outbreaks since this disease is still very dependent on environmental 
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conditions (Leandro et al. 2013). Delaying planting date on other hand does not 
consistently increase yield nor reduce SDS (Kandel et al. 2016b). Extended crop 
rotation has always been discussed as an alternative disease management option for 
plant diseases, especially those that are soil-borne (Agrios 1997, Cook 2001). Currently, 
crop rotation is usually adopted as a last resort when “off-the-shelf” management option 
such as cultivar resistance or fungicide are rendered ineffective.  
A resilient agroecosystem is one that allows coexistence of multiple species that 
fulfill similar functions with a higher capacity to withstand environmental fluctuations 
(Walker 1995, Lin 2011). This concept is linked to the insurance hypothesis, which 
considers that biodiversity can act similarly to an insurance or a buffer (Yachi and 
Loreau 1999) “against potential human management failure that may result from an 
incomplete understanding of the effects of environmental changes” (Elmqvist et al. 
2003). Therefore, overreliance on one specific management option can pose a high risk. 
Integrated disease management options should therefore be considered (Krupinsky et 
al. 2002). In an agroecosystems context, modification of host, pathogen, or the 
environment can influence the incidence and severity of plant diseases. Several cultural 
practices that have the potential to suppress soil-borne disease include tillage and 
residue management, crop rotation, organic amendments with plant materials as green 
manure, manures, and application of composts (Bailey and Lazarovits 2003).  
One case of an SDS-suppressive cropping system was documented in a long-
term diversified cropping system study (Leandro et al. 2018) established at the Iowa 
State University Marsden farm in Boone, Iowa (Liebman et al. 2008). This study showed 
that crop rotation systems that involve corn-soybean-oat, or corn-soybean-oat-alfalfa, 
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both with application of manure, were significantly more suppressive against SDS than 
corn-soybean rotations with synthetic fertilizer applications (Leandro et al. 2018). The 
mechanisms driving the Fv suppression in the Marsden farm study are currently 
unknown. Leandro et al. (2018) hypothesized that the Fv suppression is mediated either 
by the oat crop, which is known to produce antimicrobial root exudates (Papadopoulou 
et al. 1999), or the compost amendments which would enhance microbial activity, 
resulting in higher particulate organic matter found in the longer rotation systems 
(Hoitink et al 1991, Chen et al. 2014). Another SDS-crop rotation study found that 
soybean rotation with wheat and sorghum decrease Fv density in soil, compared to 
when soybean was in rotation with fescue (Rupe et al. 1997).  
Oat, alfalfa, and rye produce saponin-based root exudates. Many saponins have 
antifungal properties in high concentrations as a defense mechanism for healthy plants, 
functioning as chemical barriers to fungal attack (Papadopoulou et al. 1999, Deacon 
and Mitchell 1985). The specific saponin from oat is called avenacin, which is a 
microbial triterpenoid saponin (Inagaki 2013, Osbourn 1996). The saponin in alfalfa, 
medicagenic acid, is produced in abundance with allelopathic property which inhibits 
seedling growth of several other organisms such as wheat and the biocontrol fungus 
Trichoderma viride (Oleszek and Jurzysta 1987). Rye root exudate, hydroxamic acids 
was found to be inhibitory to a few root pathogens and weeds such as wild oat 
(Osbourn 2001, Perez and Ormenonunez 1991). 
Soil biological activity have been identified to serve an important role in 
suppression of soil-borne diseases (van Bruggen and Semenov 2000, Alabouvette et al. 
2009, Garbeva et al. 2004). At the same time, soil biota, i.e. mesofauna and microbes, 
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are also key contributors of decomposition of crop residue and nutrient cycling (Hu et al. 
1997, Ball et al. 2005, Neher and Barbercheck 1998), which is are important distinctives 
to a diversified cropping system compared to a conventional cropping system (Wiggins 
and Kinkel 2005, McDaniel et al. 2014). Robustness of soil biota of an agroecosystem 
could therefore be an important factor of success of suppression of soil-borne disease 
(Peralta et al. 2018). The mechanisms of antagonism against phytopathogens are 
generally classified into four categories: (1) competition for niches and nutrients, (2) 
predation, (3) antibiosis, and (4) induction of plant systemic resistance (ISR) 
(Thomashow and Weller 1995, Chin-A-Woeng et al. 2002).  
Studies related to the effect of cropping system diversity on soil-borne diseases 
have been conducted with many different crops and pathogens through pot assays 
(Himmelstein et al. 2014, Perez et al. 2008), and cover crop field experiments (Acharya 
et al. 2020, Araldi da Silva et al. 2019). Other more specific direct effect studies on crop 
diversity implemented soil inundation or removal of one or more specific beneficial 
microbial taxa (Himmelstein et al. 2014, Zhao et al. 2014), and in vitro application of 
isolated plant metabolites (Freed et al. 2016, Grunwald et al. 1997).  
The objectives of this study were: 1) to determine the effect of various green 
manure on SDS-infected soybean in greenhouse conditions, and 2) to quantify the 
impact of the soil biota on soil suppressiveness to SDS. We sought to establish a proof-
of-concept of the potential advantage of crop diversity for suppression of Fv before 
carrying out a more direct Fv suppression assay in the future. We hypothesized that oat 
green manure would result in the most evident suppression of SDS amongst the three 
green manures because of its distinct antifungal root exudate feature (Papadopoulou et 
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al. 1999), and that sterile autoclaved soil would be more conducive to SDS than raw 
field soil from the suppressive field plots.   
 
Materials and Methods 
Green manure experiments  
Three different experiments were conducted to test the effects of green manures 
on SDS. Experiment 1 focused in the effect of whole plant green manures on SDS. 
Experiment 2 investigated if moisture level of the green manures had an effect on 
disease development. Experiment 3 investigated whether the effects observed in 
experiment 1 were driven by root or shoot tissues. 
Green manure preparation  
Oat (Walter INO9201), rye (cv. Elbon), and alfalfa (cv. Pioneer 55H94), were 
grown in pots to be used as green manure amendments. Each crop was grown in a 
greenhouse set at 24oC±3 C for 3-4 weeks to accumulate enough vegetative biomass 
before flowering. Seeds of each plant were sown in a 2:1 sand:soil mix in 12.7 cm-side 
square pots, and fertilized using Peter’s fertilizer 15-15-15 weekly. 
Inoculum preparation 
Fv isolate LL0036 was grown on 1/3 strength PDA for 10-20 days to produce 
spores for inoculation. Sterile distilled water, 3-5 mL, was added to each culture plate, 
and the culture was scraped to release the spores into a suspension in water. The 
suspension was transferred to a 50 mL Erlenmeyer flask, passing through sterile 
cheesecloth, and the resulting spore suspension concentration was calculated using a 
hemocytometer. The stock spore suspension was then diluted incrementally towards 
the desired spore suspension concentration.   
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Inoculation, incubation and experimental design 
For all experiments, each experimental unit was contained in an 8 oz Styrofoam 
coffee cup (Dart, Mason, MI), receiving 200 mL of pasteurized 2:1 sand:soil mix, 5 g of 
fresh green manure, and 20 mL of the desired spore suspension, that would result in 
2000 spores/gram soil. This concentration was used in all experiments except for 
experiment 4, which was inoculated with 500 spores/gram soil. The soil was mixed with 
the green manures and spores in batches of 4 or 5 experimental units, in a 4000 mL 
beaker, then divided again evenly to each of the 4-5 cups. The pots with infested green 
manure-soil mix were incubated in a greenhouse at 22oC and with 16-h photoperiod 
supplemented with artificial light.  
The experimental design followed a randomized-complete block, with 7-10 
blocks, each block containing one replicate cup per treatment (block=replicate). The 
infested green manure-soil mix was incubated for three weeks, and watered daily, to 
allow decomposing green manure to be in contact with the spores. This period was 
selected to mimic the duration of green manure decomposition allowed in field 
conditions before planting soybean crops. Next, two SDS-susceptible soybean seeds, 
cv. Spencer, were sown in each cup at 2.5-cm depth. Cups were watered daily and 
fertilized weekly. Additionally, insect pressure due to the introduction of green manure 
was monitored using yellow sticky traps. When insect pressure was deemed high, 
biocontrol (Nemasys, Bayer) or pyrethroid (PyGanic, MGK) insecticide was drenched to 
control for gnats. Approximately 10 days after planting, seedlings were thinned to leave 
one seedling per cup. 
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Experiment 1 – effect of green manures on SDS 
Fresh whole plants, i.e. both the shoot and root tissues, of oat, alfalfa, and rye 
were used as green manure amendments in the greenhouse experiments. To prepare 
the green manures, plants were uprooted, and soil adhering to the roots was rinsed off. 
The washed whole plants were chopped to approximately 1-cm long sections and 
blotted dry to remove the adhering moisture left. To maintain consistency between 
treatments and experimental runs, consistent amounts of green manure was added to 
each cup. Five grams, of the washed green manure were added to 200 mL of 
pasterurized 2:1 sand:soil mix for each treatment, except for the control which did not 
receive any green manure. The pots were allowed to incubate and soybean seeds were 
planted as described above. This experiment was repeated three times and labeled as 
runs 1, 2, and 3.  
SDS foliar severity was assessed at V1 and V3 as the percent of total plant leaf 
area showing yellow or brown discoloration. The day after each foliar assessment, a 
subset of plants was destructively sampled for root assessments.  These assessments 
occurred 21-26 days after soybeans were planted (DAP) for V1 and 29-40 DAP for V3. 
Plants were uprooted, the roots were washed in a bucket of water and rinsed thoroughly 
with running water. Using the Root Shovelomics Assessments grid (Roots Lab, Penn 
State University, 
https://plantscience.psu.edu/research/labs/roots/methods/field/shovelomics), each root 
was assessed for % area rotted, i.e. showing brown or black discoloration. These 
assessments were done separately in three sections of the roots: top 0-2 cm, 2-5 cm, 
>5 cm from the soil line. Next, roots were cut from the shoot at the soil line, and 
adhering cotyledons were removed. Shoot and root samples were dried in an oven set 
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at 50C for 48h, and then weighed. Total plant dry weight was calculated by adding the 
shoot and root weight during the statistical analysis. 
Experiment 2 – effect of green manure moisture level on SDS 
Experiment 2 was similar to experiment 1 but included an additional factor of 
green manure moisture. The green manure moisture levels used were fresh and dried 
green manure. To obtain the dried green manure, five grams of fresh, washed green 
manure was weighed and dried for 24-h at 50oC in the drying oven before mixing with 
soil. The amount of green manure added for the dried and fresh green manure 
treatment was uniform as green manure biomass was weighed before it was dried to be 
added in the cup. Soil incubation, soybean planting, and assessments of foliar severity 
and root rot following the steps explained in experiment 1. This experiment was 
repeated three times and labeled as runs 3, 4, and 5. 
Experiment 3 – effect of green manure root and shoots on SDS 
The third experiment was also similar to experiment 1 but with the additional 
“plant part” factor. Shoots and roots were used separately as green manure treatments 
and compared to the mixed whole-plant green manure as in the experiment 1. Shoots 
and roots were separated after washing and then cut into 1-cm long sections. Three 
treatments were created as follows: 5 g of shoots only, 5 g of roots only, 5 g of mixed 
roots and shoot material, and a no-green manure control.  Soil incubation, soybean 
planting, and assessments of foliar severity and root rot following the steps explained in 
experiment 1. This experiment was done only once and labeled as run 5.  
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Soil biota experiment 
Experiment 4 – effect of soil biota on SDS 
A greenhouse experiment was conducted to test the suppressiveness of long-
term rotation systems on SDS (Leandro et al. 2018) to determine the effect of the 
existing soil biota on SDS. The suppressive field soil was collected from the Marsden 
Farm long term cropping systems experiment at the ISU Agronomy Research Farm in 
Boone, IA, which has been maintained since 2001 (Liebman et al. 2008). 
Soil samples were collected in June 2019 from corn plots that underwent a 4-
year rotation (corn-soybean-oat + alfalfa-alfalfa) and have been historically suppressive 
against SDS. Soil samples were taken from four replicate plots and kept separate. Soil 
subsamples were collected using a spade, 15-cm deep at two different locations within 
each plot, and mixed to represent one plot sample, amounting to 2100 mL volume from 
each plot. Then, the soil was air-dried on a greenhouse bench for 6-h, homogenized 
using soil grinder (Dayton Mfg., Lake Forest, IL), and passed through 4-mm sieve, while 
carefully disinfecting the grinder in between samples. Soil was stored in a 4oC cooler in 
between processing times.   
Next, the homogenized soil from each field block was split in half; the first half 
was kept as the raw soil, and the second half was subjected to autoclaving for 30 
minutes on dry cycle, two times allowing 24-h intervals in between autoclaving cycles to 
produce comparatively sterile soil. The finished and homogenized raw and sterile soil 
was kept separate as four “field block” treatments, and each field-block soil was further 
split into four greenhouse blocks and randomized by block. For this experiment, the soil 
was infested with 500 spores/g soil and incubated for 7 days before planting the 
soybean seeds in the greenhouse at 24C±3C. Two SDS-susceptible soybean seeds, 
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cv. Spencer, were sown in each cup at 2.5 cm depth. Cups were watered daily and 
fertilized weekly. Approximately 10 days after planting seedlings were thinned to leave 
one seedling per cup.  
Assessments of foliar severity, root rot, and plant weight were conducted 
following the green manure experiment as described above when plants reached 
growth stage V3.  To estimate Fv population density on soil, serial dilutions of soil were 
plated on semi-selective media following protocols of Rupe et al. (1997) and 
Abdelsamad et al. (2017).  
Statistical analysis 
For experiment 1, analysis of variance on the effect of green manure on root rot 
at the top 0-2, 2-5, and >5 cm from the soil line and on plant dry weight was conducted 
on combined data of the three runs of each experiment using R (R Core Team 2019). 
Narrow-sense inference was attempted using the mixed-model analysis using the 
function lmer() of the lme4 package (Bates et al. 2015), based on mixed-effect models 
that included terms for green manure type, block, and run as fixed factors, and block:run 
as a random factor. Least-squared means were used to determine marginal means of 
autoclaving treatment using the emmeans package (Lenth 2019). Multiple regression 
analysis was conducted to determine the relationship between the root rot at 0-2 cm, 2-
5 cm, and >5 cm to plant weight using the lm() function in R (R Core Team 2019), with 
all four green manure treatments and three experimental runs included altogether.   
For experiments 2, 3, and 4, all plant growth variables were subjected to analysis 
of variance conducted using R (R Core Team 2019). Pairwise comparison was further 
carried out to find least significant differences in responses associated with the types of 
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green manure compared to the non-amended control using the LSD.test() function of 
the agricolae package (de Mendiburu 2020).  
 
Results 
Green manure experiments  
Experiment 1 – Effect of fresh green manure on SDS 
Relationship between root rot severity at 0-2 cm and plant dry weight 
There was a significant relationship between soybean plant weight and root rot in 
the 0-2 and 2-5 cm, but not the >5 cm root portion. Multiple regression analysis on data 
combined from three runs, including all green manure treatments as well as control, 
showed that root rot at 0-2 cm explains 65% of variance of the plant weight at the V1 
growth stage (Fig 3.1). Regression on 2-5 cm is not shown because the result of root rot 
range was very narrow, i.e. only 0-40% root rot, thus compromise the accuracy of such 
subjective measurement of root rot.   
Root rot severity 
The combined analysis of three experimental repetitions showed that oat 
(p=0.01) and rye (p=0.04) green manure resulted in suppression of root rot severity on 
the top 0-2 cm of the hypocotyl in comparison to the non-amended control, whereas 
alfalfa green manure did not affect root rot (p=0.16). Oat green manure decreased root 
rot at the top 0-2 cm section area by 85%, whereas rye reduced root rot by 67% (Fig 
3.2a). Oat and rye green manures were more effective in suppressing root rot severity 
compared to alfalfa. 
Root rot severity on the 2-5cm and >5 cm portions of the hypocotyl was low 
(<12%) at the V1 evaluation time (Fig 3.2b,c ), but significant root rot suppression by 
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any of the three green manure treatments was still observed in the 2-5 cm portion. By 
the V3 stage, differences between treatments became more pronounced, and 
significant suppression of root rot was observed by the oat and alfalfa green manures in 
all sections of the roots. Oat green manure decreased root rot at 0-2 cm at an average 
of 58% area (p<0.001) while alfalfa green manures reduced root rot by 44% (p=0.002) 
relative to the non-amended control (Fig 3.2d); rye green manure was not tested for the 
V3 stage soybean due to material limitations. 
Plant dry weight 
Plant dry weight is affected by the type of green manure amendment. There was 
no effect on plant dry weight due to any of the green manures relative to the non-
amended controls at V1 stage. However, oat and rye green manure resulted in slightly 
higher plant dry weight compared to alfalfa (p=0.028). When soybean plants were 
grown to the V3 growth stage (29-40 DAP), plant dry weight was significantly increased 
by oat or alfalfa green manure amendments (Fig. 3.3); plant weight was 41% (p<0.001) 
and 36% (p<0.001) higher than the non-amended control in the oat and alfalfa 
treatments, respectively. Rye green manure treatment was not included in the V3 plant 
weight assessment as well.  
Foliar SDS Severity 
At the V1 growth stage, soybean plants showed no foliar symptoms or very low 
foliar severity (<5%) (data not shown). At V3, foliar disease severity was significantly 
affected by oat (p<0.001) and alfalfa (p<0.001). Oat and alfalfa green manure 
treatments resulted in 91% and 86% lower foliar severity respectively, compared to the 
non-amended control (Fig 3.4). From the data point distribution, it can be inferred that 
there is a low chance that a plant will get high foliar severity symptom, but when a plant 
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gets severely infected, foliar SDS severity increased substantially as well. Interestingly, 
alfalfa green manure amendment quite consistently suppressed foliar SDS severity, 
much like oat.  
Experiment 2 - Green manure moisture level 
Root rot severity and plant dry weight 
Averaging over three experimental runs, the moisture level (fresh vs dry) of oat 
green manure did not affect soybean root rot (p=0.89), while dried alfalfa green manure 
showed 48% (p<0.001) less root rot than soybean in soil amended with fresh alfalfa 
green manure (Fig. 3.5). Drying green manure prior to soil amendment appeared to 
neutralize the effect of alfalfa green manure and may have increased root rot instead. 
Plant weight, however, was not affected by drying of green manure for both oat and 
alfalfa.  
Experiment 3 – Green manure plant part 
All green manure amendments, whether shoot only, root only, or mixed, 
significantly reduced soybean root rot compared to unamended controls (Fig 3.6). 
Within the oat treatments, there were no differences between the amendment with roots 
alone, shoots alone, or the mixture of roots and shoots. However, for rye, root green 
manure was more effective at suppressing soybean root rot compared to the shoots. 
There was no difference in plant weight due to green manure amendment, relative to 
the control. Between plant species, root rot due to oat shoot green manure was 22% 
lower than the rye green manure treatment (p=0.05).  
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Soil biota experiment 
Experiment 4 - Historically disease-suppressive field soil  
Soil sterilization had a very significant effect on soybean root rot, foliar severity 
and dry weight. Root rot severity in the 0-2 cm portion of the root was 91% greater 
(p<0.0001), foliar SDS severity was 61% greater (p<0.0001), and plant weight was 52% 
lower (p<0.0001), in sterile soil compared to the raw soil. The number of colony-forming 
units of Fv was also significantly higher by 94% in the sterile soil compared to the raw 
soil (p=0.0001). Root rot and foliar disease severity most consistently diverged between 
the two soil biota treatments compared to plant weight and colony-forming units (Fig 
3.7).  
Both soil treatments received the same amount of Fv inoculum, and thus the raw 
soil carried the same amount of Fv inoculum in the system, if not more, since it might 
carry Fv propagules from the field. At 32 DAP, the count of Fv colony-forming units for 
the sterile soil was substantially higher than the raw soil (Fig. 3.7d). This indicates 
differences in Fv suppressive capabilities between the sterile and raw soil.  
 
Discussion 
The experiments in this study were conducted to provide insights into the role of 
crop diversity on SDS.  Specifically, we investigated the effects of green manure and 
soil biota on SDS development in soybean seedlings under greenhouse conditions. We 
found that oat green manure, and to a lesser extent rye green manure, suppressed 
soybean root rot caused by Fv, while alfalfa green manure did not consistently suppress 
root rot compared to controls. We also found that autoclaved soil drawn from plots with 
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a history of a diversified crop rotation and Fv suppression increased root rot and 
reduced soybean plant weight compared to the raw, non-sterilized soil.  
Using greenhouse assays that we developed, we evaluated green manure 
effects on soybean roots at V1 and V3 growth stages in root sections (top 0-2 cm, 2-5 
cm, and >5 cm) for plants grown in soil infested with 500 spores of Fv per gram of soil. 
We evaluated primarily root rot at the top 0-2 cm region because we found that this 
region provided a better indication of treatment effects than lower portions of the roots, 
which is a unique approach compared to other SDS studies that conducted root rot 
assessments on soybean. Multiple regression analysis at V1 stage showed that greater 
root rot on the 0-2 cm area was associated with a reduction in plant weight across all 
green manure treatments.  
Green manure effects on root rot and plant weight were clearer when 
assessments were conducted at the V3 stage (Fig 3.3a, b). More pronounced plant 
weight differences between green manure treatments at V3, specifically on the top 0-2 
cm, were partly due to the longer exposure of the 0-2 cm part of the tap root to Fv. As 
as a xylem colonizer, Fv caused more severe root rot when roots encounter Fv 
inoculum immediately after soybean seed was planted compared to a delayed Fv 
inoculation (Gongora-Canul and Leandro 2010). Foliar SDS symptom were often 
coherent with root weight disease expression that is was also easier to examine at V3 
compared with V1 because development of the toxin released by Fv takes time (Fehr et 
al. 1971). 
Alfalfa green manure did not cause SDS suppression, while oat and rye 
positively suppressed SDS compared to the control as shown in experiment 1, as well 
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as in experiment 2, where the effect of green manure moisture on alfalfa caused 
differences in root rot. Between oat, rye, and alfalfa, only oat root exudates have shown 
robust evidence for fungal toxicity; oat root exudates, specifically avenacin, confer 
broad-spectrum resistance to several soil-borne pathogens (Inagaki et al. 2013, 
Crombie and Crombie 1986), while rye and alfalfa have allelopathic properties against 
several weeds but have not been shown to have antifungal properties (Barnes and 
Putnam 1987, Miller 1983, Oleszek 1993). Selection of plant species as green manure 
is crucial to achieve SDS suppression. Many legumes have been found to be hosts to 
Fv based on the development of root necrosis; such hosts include pinto, navy, and 
white bean, red clover, pea, hairy vetch, and alfalfa (Kolander et al. 2012). Grass and 
brassica cover crops on the other hand, are in general non-hosts or poor hosts of Fv 
(Kobayashi-Leonel et al. 2017).  
When alfalfa green manure was dried prior to soil amendment, it resulted in lower 
root rot at the top 0-2 cm compared to the fresh alfalfa green manure, while green 
manure moisture did not affect the suppressive ability of oat (Fig. 3.5). Drying green 
manure kills the plant tissue, and any exudates or volatile compounds from the green 
manure might be rendered ineffective. It is possible that alfalfa released a volatile 
compound that promoted, instead of suppressed Fv growth causing fresh alfalfa green 
manure to induce higher root rot than dried alfalfa green manure amendment (Fig 3.5a). 
Analogously, decomposition of tissue of cruciferous plants has been documented to 
release fungistatic, volatile, sulfur-based metabolites from glucosinolate compounds that 
contribute to suppression of Aphanomyces root rot (Papavizas 1966). Another possible 
mechanism is that fresh, but not dried, alfalfa green manure amendment serves as an 
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Fv host and provides a “green bridge” where Fv can dwell before it infects soybean later 
(Paulitz 2011, Bakker et al. 2016). It should be acknowledged, however, that the effect 
of alfalfa green manure on root rot was rather inconsistent; at V3, alfalfa green manure 
produced a similar result to oat green manure amendment, i.e. it suppressed root rot 
severity relative to the non-amended control (Fig 3.2d), while at V1, alfalfa green 
manure did not lower root rot severity compared to the control (Fig 3.2a).  
In experiment 3, root-only or mixed root-shoot green manure was more effective 
in SDS suppression than shoot-only green manure (Fig 3.6). This experiment, however, 
was only based on one run and more experiments are needed to confirm these findings. 
Shoot C:N ratio and lignin content are generally lower than those of roots, thus roots 
decompose and mobilize N faster than shoots (Cobo et al. 2002). Furthermore, low C:N 
ratio tends to be more conducive for root disease expression to several soil-borne 
diseases (Papavizas 1967, Grunwald 1997). This explains our findings i.e. root-only 
green manure and alfalfa green manure promote SDS because its relatively low C:N 
ratio compared to shoot-only green manure, oat, or rye green manure.  
In experiment 4, we found that autoclaved soil favored SDS and Fv growth 
compared to raw soil from the historically disease-suppressive field. Soybeans grown in 
the autoclaved soil showed higher soybean foliar severity, lower plant dry weight, and 
higher Fv soil population density than soybean grown in the raw soil (Fig 3.7). The effect 
of autoclaving was robust and consistent in this experiment considering that the raw soil 
in the experiment was obtained from four different field blocks of the Marsden research 
farm, where the SDS-suppressive soil (a 4-year rotation system soil) was previously 
discovered (Leandro et al. 2018). Even though we did not measure soil microbial 
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activity, it can be inferred that Fv had a low chance of sustaining its population when 
competing against the abundant native microbiome in its established ecosystem 
(Alabouvette et al. 1996). Microbial activity has also been shown in other studies to be 
an indicator of suppressive soil, associated with lower disease severity when comparing 
raw vs. autoclaved composts (Ringer et al. 1997, Wiseman et al. 1996).  
Autoclaving may have shifted some soil chemistry features and contributed to 
increase in disease severity. A study on the effect of compost amendment to soil-borne 
disease found that autoclaving reduces extractable carbon and ammonium-N, while 
increases nitrate-N (Ringer et al. 1997, Tilston et al. 2002). Elsewhere, nitrate-N was 
found to be negatively correlated with F. culmorum as well as Fusarium wilt of cyclamen 
in autoclaved compost (Hoitink et al. 1991). Although it is possible that soil chemistry 
due to autoclaving contributed to the increase in disease severity, the effect is likely to 
be minimal compared to the biological factor (Tilston et al. 2002). 
Drawing from results and inferences from this study, there are two probable 
overarching mechanisms of suppression of SDS associated with green manure 
amendment: an antibiosis effect of the green manures of distinct crop species 
(chemical) and indirect Fv suppression through the improvement of soil biota and 
increased competition against Fv (biological) (Abawi and Widmer 2000). The two 
mechanisms of suppression, however, are not mutually exclusive; in fact, they are likely 
synergistic. Root exudates may have induced direct antibiosis to the pathogen, while 
the organic carbon maybe feeding the soil biota (Bailey and Lazarovits 2003, Elliott et 
al. 1979). Decomposition of green manure on the other hand, is mediated by soil biota, 
fosters proliferation of microbial populations and diversity (Sturz and Christie 2002), 
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which increased competition against the pathogen, either through increase of diverse or 
a specific soil microbial community (Perez et al. 2008, Cook 2014). For instance, 
canola, buckwheat, and sorghum-sudangrass green manure increase a specific 
streptomycete population which dominated against the pathogen, therefore building up 
into a potato-scab suppressive soil (Wiggins and Kinkel 2005).  
To parse these interactive effects of biological and chemical green manure, 
spikes in microbial activity over the short period of decomposition of green manure can 
be assessed; when an unsustained microbial activity is observed, direct effect of plant 
exudate in challenging the pathogen may be in effect (Grunwald et al. 2000, van 
Bruggen and Semenov 2000). In our green manure pot experiment, there were 21 days 
of interaction between Fv and the green manure before the soybean plant was planted 
in the green manure-amended soil, which might have provided enough time for green 
manure decomposition, turning into available C or N for the soil microbiome, and 
increased soil microbial biomass C (Hu et al. 1997) . Mixture of oat-vetch green manure 
amendment decreased Pythium aphanidermatum population rapidly after 10 days and 
reached its lowest population count 20 days after incorporation of green manure 
(Grunwald et al. 1997), suggesting that a large amount of suppression can happen in as 
early as 10 days after green manure amendment.  
While demonstrating the effect of oat root exudate in vitro would be a sensible 
next step, molecular soil ecological assays could be utilized to explore the role of 
specific identified oat or rye root exudate compounds in the soil and their effect on 
population dynamics of Fv using qPCR (Leandro et al. 2018, Wang et al. 2015). Key soil 
and rhizosphere microbiome populations associated with soybean could also be 
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characterized using DNA-based amplicon sequencing to find specific bacterial or fungal 
taxa that are particularly important for Fv suppression (Wattenburger et al. 2019). 
Green manure can be used as a component of integrated management of many 
soil-borne diseases including SDS, especially since it is likely that SDS responds 
negatively to a robust soil biota. Oat and rye green manure showed suppression of root 
rot and increase in plant weight, while alfalfa did not. Evidence from our greenhouse 
experiments suggest that the use of green manures should be beneficial for growers 
considering an integrated disease management approach. However, this will have to be 
tested in field experiments before conclusions are made.   
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 Figure 3.1  Multiple regression analysis between whole soybean plant weight and 
root rot at 0-2 cm at V1, including all 4 green manure treatments, from three runs 
combined (F=27.1, df=80). Colors on the dots represent different experiment runs and 




    
 Figure 3.2 Root rot severity at V1 (a-c) and V3 (d-f) growth stage in soybean grown in 
soil infested Fv and amended with green manures of different crops. Root rot severity 
was assessed as the % surface area of the root showing rot in the (a,d) 0-2 cm, (b,e) 2-
5 cm, and (c,f) >5 cm portions from the top of the tap root. The data is a combination 
from three (V1) or two (V3) experimental runs, as indicated by the different colors of the 
jitter dots. The numbers below the bars indicate the total number of experimental units 
included in the analysis. The error bars indicate one standard error of the mean and 





 Figure 3.3 Effect of green manure amendments on plant weight of soybeans grown in 
soil infested with Fv. Means shown are combined for three experimental runs for the V1 
and for two experimental runs for V3. b). Similar letters above the bars indicate lack of 
significant difference at p=0.05. The error bars indicate one standard error of the mean 
and the numbers below the bars indicate the total number of experimental units 
included in the analysis. 
 
 
 Figure 3.4 Effect of green manure amendments on foliar SDS disease severity on 
soybeans at V3 growth stage grown in soil infested with Fv. Means are calculated from 
the combination of two experimental runs. Similar letters above the bars indicate lack of 
significant difference at p=0.05 between treatments. The error bars indicate one 
standard error of the mean, and the numbers below the bars indicate the number of 





 Figure 3.5 a) Severity of root rot on soybeans grown in soil infested with Fv described 
as % surface area at 0-2 cm of the hypocotyl and b) plant weight as response to drying 
green manure prior to amending the soil from combination of three experiments. ** 
indicates significant difference at p=0.05. The error bars indicate one standard error of 





 Figure 3.6 a) Root rot severity on soybeans grown in soil infested with Fv described 
as % surface area at 0-2 cm of the hypocotyl, b) plant dry weight, in response to soil 
amendment with different parts of the plant as green manure. The numbers below the 
bars indicate the number of experimental units. Separation of letters indicate significant 
difference at p=0.05. The error bars indicate one standard error of the mean, and the 










 Figure 3.7 Soybean a) root rot% at 0-2 cm, b) foliar severity, and c) plant dry weight, 
and d) soil Fv population density for historically suppressive field soil autoclaved (sterile) 
or untreated (raw) and infested with Fv. ** indicates significant difference at p=0.05. The 
error bars indicate standard error of the mean with n=16 for all plant variables and n=6 
for Fv population density. 
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 GENERAL CONCLUSION 
Management of soil-borne diseases in soybean such as SDS is challenging 
because options for devising an effective integrated disease management plan are 
limited. In our studies, diversification of crop rotation systems and amendment with 
green manure were found to be beneficial for suppression of SDS. Introducing crop 
diversity to a corn-soybean system, however, might pose economic and practical 
farming challenges. In our study, economic analyses indicated that among the three 
years, a two-year corn-soybean rotation system resulted in higher, no different, and 
lower economic returns to land and management than a four-year corn-soybean-alfalfa-
alfalfa system, while fluopyram consistently decreased economic returns. Greenhouse 
experiments were also carried out to assess the effects of oat, rye, and alfalfa green 
manures and the effects of  autoclaving soil from plots with a history of SDS 
suppression. Oat and rye green manures suppressed SDS. Autoclaving, which altered 
the soil biota, fostered SDS infection of soybean. 
The 3-year and 4-year rotation systems improved yield of soybean while SDS 
incidence and severity was lower compared to the 2-year rotation system in 2017-2019. 
Fluopyram seed treatment caused yield reduction of soybean and consequently 
reduced net profit of soybean and profit of the whole rotation systems. Although the 
rank order of economic return to land and management between the 2-year and 4-year 
rotation systems was variable, higher soybean yield and more pronounced SDS 
suppression in the 4-year system indicated greater agronomic efficiency and more 
robust SDS suppression, which may affect SDS pressure in the long term.  
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Green manure of oat and rye suppressed root rot caused by SDS whereas alfalfa 
green manure did not. When alfalfa green manure was dried prior to soil amendment, 
however, it reduced root rot severity compared to the fresh alfalfa green manure 
amendment. In addition, the soil biota likely played an important role for SDS 
suppression, as raw, non-autoclaved soil showed a dramatic reduction of root rot 
severity compared to autoclaved soil retrieved from historically SDS-suppressive field 
plots. These greenhouse experiments led to inferences related to several mechanisms 
of SDS suppression. Possible mechanisms include allelopathic action from compounds 
exuded from green manure decomposition and microbially-mediated green manure 
decomposition that induced proliferation of microbial populations and antagonism 
against Fv. In summary, the utility of crop diversity was evident in the series of green 
manure experiments, though specific mechanisms of SDS suppression were not 
identified.  
Perspectives and Recommendations 
A further advantage that the 4-year rotation system has over the 2-year system is 
the lower quantities of pollutants it emits. If externalities were to be accounted in the 
economic analysis, the 4-year rotation system economic return could outweigh the 2-
year system since other studies have shown substantial reduction in fossil fuel 
requirements (Cruse et al. 2010), watershed contamination from herbicide (Hunt et al. 
2017), nutrient run-off (Hunt et al. 2019), and soil erosion (Hunt et al. 2019), among 
several other soil biology and nutrient availability improvements. 
Extended crop rotation systems, green manures, and soil microbial community 
interactions should be considered as important components in designing an integrated 
and sustainable SDS management plan. The current integrated SDS management 
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recommendation includes crop rotation, as well as adjustments related to tillage and 
drainage, planting date, soil fertility maintenance, irrigation and seed treatment. Ideally, 
planting fully-resistant cultivars would be included, but this tactic is currently unavailable 
(Crop Protection Network 2016). Amongst the listed recommendations, however, crop 
rotation seems to be under-studied despite showing the potential to withstand high SDS 
pressure (Leandro et al. 2018). This calls for further research to understand the effect of 
crop rotation or cover crops on SDS (Crop Protection Network 2016). For instance, 
replicating the research we conducted on similar cropping systems in different locations, 
would be beneficial to confirm the utility of crop rotation in SDS management. 
Identifying the mechanism of suppression of SDS through green manure 
amendment and its interaction with soil biota is also crucial in understanding the 
ecology of Fv suppression. This would aid in selecting the right green manure or cover 
crop treatments. Mechanisms such as host-pathogen relationships, allelopathic 
interactions (Inagaki et al. 2013), and the dynamics of green manure C:N ratio merit 
further investigation to gain insight into effectively elevating antagonism by native soil 
microbial populations against Fv (Grunwald et al. 2000). Green manure approaches can 
contribute to long-term increases in soil organic matter, microbial biomass, nutrient 
retention, and N-uptake efficiency (Cherr et al. 2006). It should be noted, however, that 
adopting green manure practices without hurting the main cash crop is not easy; 
growers would have to make adjustments involving timing of planting, equipment, labor 
demands, and possibly revise crop rotation and cycles (Cherr et al. 2006). Additionally, 
green manure effects may be slow and require multiple years of consistent maintenance 
to achieve such successful system.  
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An integrated approach to management of SDS should minimize use of chemical 
seed treatments such as fluopyram to avoid dependency on a single tactic. One 
approach is to apply fluopyram on targeted areas of fields that are likely to have higher 
SDS pressure to minimize cost while also investing in other disease management 
strategies such as crop rotation. The longevity of soil-borne disease in general makes it 
difficult to manage, thus, shortening crop rotation sequences generally does not help in 
achieving a suppressive soil ecosystem; short crop rotations, in fact, have been 
associated with emergence of crop diseases over the years (Carter and Sanderson 
2001) and are believed to be responsible for plateauing of yields of crops (Ryszkowski 
et al. 1998, Bennet et al. 2005).  
To sustainably intensify a cropping system, it is important to consider the 
ecological processes of the crops above-ground and soil microbial communities below-
ground (Berg and Smalla 2009, Bais et al. 2006). Crop rotation and green manure 
amendment would be fitting examples. In the future, through precision agriculture 
technology that helps to learn about real-time soil and crop conditions using remote 
sensing, and through soil microbiological molecular tools, efficiency might be 
maximized.  
In the Land Ethic essay, Aldo Leopold (1949) suggested that “combined 
evidence from both ecology and history seems to support one general deduction: the 
probability of getting success in readjustment of ecological process (e.g. agriculture) 
and food chain is higher when the human-made changes are less violent.” As such, 
stewardship of agroecosystem resilience is key in building up a healthy soil while 
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APPENDIX A.    EXAMPLE OF ECONOMIC ANALYSIS CALCULATION; VALUES 















































































































































































































































































































































































































































































































































































































































































APPENDIX B.    PICTURES OF EXAMPLE OF FV-INFECTED PLANTS, 
REPRESENTATIVES OF CONTROL, OAT, ALFALFA, AND RYE GREEN 
MANURE AMENDED TREATMENTS  
 
 
  
